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ABSTRACT
Structural Analyses of Wind Turbine Tower for 3 kW Horizontal Axis Wind Turbine
Tae gyun (Tom) Gwon

Structure analyses of a steel tower for Cal Poly’s 3 kW small wind turbine is presented.
First, some general design aspects of the wind turbine tower are discussed: types,
heights, and some other factors that can be considered for the design of wind turbine
tower. Cal Poly’s wind turbine tower design is presented, highlighting its main design
features. Secondly, structure analysis for Cal Poly’s wind turbine tower is discussed
and presented. The loads that are specific to the wind turbine system and the tower
are explained. The loads for the static analysis of the tower were calculated as well.
The majority of the structure analysis of the tower was performed using the finite
element method (FEM). Using Abaqus, a commercial FEM software, both static and
dynamic structural analyses were performed. A simplified finite element model that
represents the wind turbine tower was created using beam, shell, and inertia elements.
An ultimate load condition was applied to check the stress level of the tower in the
static analysis. For the dynamic analysis, the frequency extraction was performed in
order to obtain the natural frequencies and the mode shapes of the tower. Using the
results, the response spectrum analysis and the transient dynamic analysis, which
are based on the modal superposition method, were performed in order to see the
structure’s response for earthquakes that are likely to happen at the wind turbine
installation site.

Keywords: Wind Turbine Tower Design, Wind Turbine Tower Load, Finite Element
Analysis, Seismic Analysis, Response Spectrum Analysis, Transient Modal Dynamic
(Time-History) Analysis
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Chapter 1
Introduction

1.1

With Wind, Life Gets Better

Can you imagine a day without wind? Wind does so much for us and we have fun
using it: Kite flying, sailing, wind-surfing, hang-gliding or even little breeze that cools
one down on hot summer days. Our ancestors used wind for a little more than leisure.
For example, there is the windmill, which converts lateral wind movement to rotary
motion. It was used to grind the harvested grains, to saw wood or to pump water.
Sailing is another example. People have long used wind to travel across the oceans and
around the world until the steam engine was invented. It promoted global trading and
led to the discovery of “new India”. Nowadays, wind is used for generating electrical
power which is an essential element to modern daily lives. Indeed, it is increasingly
getting more popular than conventional methods of generating electricity and there
are good reasons for it.
Traditional methods of generating electric power are based largely on the use of
fossil fuels such as coal, petroleum, or natural gas. One of the main contributors to
2

(a) Windmill

(b) Sailboat

Figure 1.1: Traditional Use of Wind Power (From Google Image)

greenhouse gases, carbon dioxide (CO2 ), is emitted in large quantity in the use of
such energy sources. Many are concerned with steeply inclining CO2 levels in the
atmosphere as it is directly linked to global warming. In an effort to reduce the
emission levels, many countries have signed an international agreement called the
Kyoto Protocol. The Kyoto Protocol is an linked to the United Nations framework
convention on climate change. The major feature of the Kyoto Protocol sets binding
targets for 37 industrialized countries and the European community for reducing
greenhouse gas emissions. One of the ways to achieve this goal is to find and develop
ways to harness clean alternative energy sources such as wind.
Finding and securing fossil fuels can be a challenge as many other countries want
them and many of them are sourced from regions that are not quite politically stable.
Foreign dependency on fossil fuels has caused economic chaos before and there is no
guarantee that it will not happen again despite many efforts and measures to prevent
it. A good example is the 1973 oil crisis when the members of the Organization of
Arab Petroleum Exporting Countries or the OAPEC (consisting of the Arab members
of OPEC, plus Egypt, Syria and Tunisia) placed an oil embargo in response to the
decision of the U.S. to resupply the Israeli military during the Yom Kippur War. Wind
is abundant in nature and there is no need to compete for it. Therefore, renewable
energy sources such as wind power and solar power have emerged as prominent sources
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of alternative energy to gradually replace fossil fuels.
We can witness the shift globally. Still, some are skeptical about using wind as an
energy source. Let’s look at some facts about wind power as an energy source, especially electricity. The wind power usage and capacity are rapidly increasing in the
production of electricity. The capacity in electricity production from wind power increased from around 2.5 GW to 94 GW at the end of 2007, which corresponds to an
annual growth of 25% [1]. One of the reasons that contributes to the rapid growth
of wind power usage is its competitive cost. Wind energy has the lowest overall cost
of all renewable energy sources and now it is almost competitive with conventional
energy sources, even without environmental credits. It is due to many investments
and research for developing the technologies to harness the wind energy. The dramatic decrease in the cost of energy (COE) from wind over the past two decades is
due to improvements in aerodynamics, materials, controls systems, electronics, and
reliability that reduce maintenance costs [2].

1.2

Just a Tower?

This project is about the wind turbine tower. Why is the research of the wind
turbine tower so important? The wind turbine tower plays an important role in
further reducing the cost of wind energy. It can be achieved by the optimal design
of the tower, and placing the turbine at higher elevations where more wind can be
captured.
Minimizing Cost: Among the costs of the wind turbine system, the wind turbine
tower cost may constitute as much as 20% of an entire megawatt-scale horizontal axis
wind turbine and 10% of the total cost of energy [2]. It costs an additional $15,000
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on average to increase the height by 10 m. Optimally designed towers and foundation
systems are key to minimize the cost of the wind turbine system. Tower optimization
and advanced structural analyses are active research areas.
Challenge of Putting It Higher : The wind turbine tower holds the wind turbine at
the necessary elevation and supports all the loads that the wind turbine experiences.
There are increasing demands for a higher tower because the wind speed is higher
and more uniform at higher elevation (less boundary layer, wind shear). The wind
turbine would be able to capture more wind power at higher height. But a higher
height results in higher loads imposed on the tower. The challenge is to make a
safe structure with a reasonable cost with the additional constraints imposed by
transportation and installation.

1.3

Small Wind Turbine (SWT) System

The International Electro-technical Commission (IEC) is the world’s leading organization that prepares and publishes international standards for all electrical, electronic
and related technologies, collectively known as electrotechnology [3]. Small-scale wind
turbines have different characteristics and design needs compared with larger turbines.
A need for the standardization and design guidelines for the new class of wind turbine emerged. The IEC established a standard IEC61400-2: Design Requirements
for Small Wind Turbine, which deals with safety philosophy, quality assurance, and
engineering integrity and specifies requirements for the safety of Small Wind Turbines
(SWT) including design, installation, maintenance and operation under specified external conditions. Its purpose is to provide the appropriate level of protection against
damage from hazards from these systems during their planned lifetime [4]. Although
this standard establishes useful design guidelines, it is slowly adopted by industry
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because it is difficult and costly to apply [5]. So, when situations allowed, the IEC
standard was employed for a design or an analysis in this project.
According to [4], the Small Wind Turbine (SWT) is classified as having a rotor sweptarea smaller than 200 m2 (16 m in diameter) generating at a voltage below 1000 V AC
or 1500 V DC. Additionally, the standard states that if the rotor swept area is greater
than 2 m2 , then all the support structures shall be included as a part of the SWT
system. The support structures refer to the wind turbine tower and foundations
and they are important structure elements as their dynamic characteristics and load
carrying capacities directly impact the performance of the wind turbine.
It is beneficial to look at the current design practices and trends of the small wind
turbine system as a whole before discussing the design of specific component. Wind
Energy - The Facts is a collection of technical articles about wind turbines that were
prepared by the leading wind turbine industry experts. The current trend in the
design of a typical horizontal-axis SWT is reviewed and summarized [5]:

1. Rotor, blades:
 In general, three blades are standard for the SWT.
 Design towards lower peak operating speed which gives lower noise emis-

sion. Typical design rotor-tip speed to wind speed ratio is 5:1.
 Rotor diameter is less than 10 m. Trend is towards larger rotors.

2. Tower:
 Height is between 12 to 24 m, The trend is towards a taller tower, using a

steel tubular structure.
3. Generator:
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 Synchronous permanent magnet generator
 Use rare earth permanent magnet rather than ferrite magnet for superior

magnetic properties.
4. Regulation control for gust events:
 Use of yawing or furling - The rotor is turned out of the wind passively,

by aerodynamic forces
 Alternative method - mechanical brake, dynamic brake, stall control, pitch

control.

1.4

Cal Poly’s Small Wind Turbine Project

Cal Poly’s engineering departments are taking part in the global trend to research and
develop technologies for the wind turbine system. Led by a mechanical engineering
professor, Dr. Patrick Lemieux of Cal Poly Wind Power Research Center (CPWPRC),
a multidisciplinary group of students and faculty members from mechanical, civil and
electrical engineering departments have collaborated to develop the first wind turbine
system at Cal Poly.

1.4.1

Cal Poly’s Small Wind Turbine (SWT) System Overview

As shown in Figure 1.2, the Cal Poly’s SWT system consists of a horizontal-axis
wind turbine (HAWT) and its support structures. A HAWT is a wind turbine whose
rotor axis is substantially horizontal. The wind turbine is stall-regulated. For a stall
regulated system, the blades of the wind turbine rotors are fixed. But the blades are
shaped in a way that they are increasingly stalled with the increasing wind speed in
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order to protect the turbine from the excessive wind speed and to maximize power
output at the same time. It has a passive yawing system; it aligns itself to the wind
direction using a tail fin. The wind turbine consists of a three-bladed rotor and a
nacelle. The rotor has fiber-reinforced blades and a hub as sub-components. The
nacelle has following components: base-structure, yaw-system, fairing, drivetrain,
over-speed protection. The support structure consists of a tapered, tubular steel
tower which can tilt on bearings and three main pile-foundations which support the
wind turbine tower.

Rotor

The rotor is about 12 f t in diameter and it consists of an aluminum hub and three
blades. The blades are attached to the hub by a set of bolts (Figure 1.3a). The
blades are made from carbon-fiber and E-glass material. They are manufactured
from a vacuum-infusion method using low-viscosity epoxy-based resin. The suction
side and the opposite side of the blades were manufactured separately, then bonded
together including an internal steel root flange. The blade is about 6 f t in length
(span). It has a combination of RISO-A-27 (root) and RISO-A-18 airfoil profile as
shown in Figure 1.3b.

Nacelle

The wind turbine is housed by a fairing which is made from the fiberglass. The
fairing is strong enough to protect the components of the nacelle from environmental
elements. The shape was designed to minimize the boundary layer separation to
minimize the drag and possible oscillatory wind induced vibration. Inside the fairing
is a base structure which holds the generator, drive system and over-speed protection
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Figure 1.2: Wind Turbine System with Support Structures (Tower and Foundations)

mechanism. The base structure is made from steel square tubes which are welded
together. The drive train includes bearings, a driveshaft that connects the generator
and the rotor hub by a coupling mechanism. A hydraulic disk brake system is used
as an over-speed protection system. The generator is the Ginlong Technologies’ GLPMG-3500 wind turbine specific permanent magnet generator. The generator’s rated
output power is 3500 W at rotational speed of 250 rpm. It will require 110 f t − lbf
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(a) Rotor Assembly

(b) Blade Profile (from [6])

Figure 1.3: Rotor Assembly and Blade Profiles for Cal Poly SWT

of torque at the rated power [7]. The nacelle and rotor assembly (the wind turbine)
is shown in Figure 1.4. A brief summary of the wind turbine specification is given in
Table 1.1.

Figure 1.4: Cal Poly SWT Nacelle and Rotor Assembly
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Table 1.1: Brief Summary of Cal Poly Wind Turbine Specification

Wind Turbine Specification
Wind Turbine Category
Small Wind Turbine (per IEC61400-2 [4])
Wind Turbine Type
Horizontal-Axis Wind-Turbine (HAWT)
Wind Turbine Configuration
Stall-regulated, Passive-yawing
Wind Turbine Weight
460 lbf
Number of Blades
3
Rotor Diameter
12 f t
Rated Power
3 kW
Rated Rotor Speed
230 rpm
Rated Wind Speed
22.4 mph (10 m/s)
Rotor Tip to Wind Speed Ratio, λ 4
Cut-off Wind Turbine Speed
300 rpm (Wind Speed of 30 mph)
Stopping Mechanism
Disk Brake

Support Structures

The support structures consist of a 70 f t (21.34 m) tiltable tapered tubular tower
and two main pile-foundations which support the main mast and two support pilefoundations which can be seen in Figure 1.2. The tower is made of ASTM A572
structural steel and is galvanized to resist corrosion. The foundation consists of
cylindrical piles which are made from reinforced concrete. The turbine has a rotor
swept area of 10.5 m2 . Thus all the support structures need to be included in the
system design according to the IEC standard [4].

1.4.2

Project Status

The wind turbine nacelle was designed by a group of undergraduate mechanical engineering students for their senior projects [8]. The rotor, which consists of carbon-fiber
blades and an aluminum hub, was developed and manufactured by two mechanical
engineering graduate students [9]. The foundation design and site soil analysis were
11

done by a group of civil engineering students and faculty members and private companies who specialize in geotechnical engineering [10]. A mechanical engineering student
is currently working on the computational fluid modeling of the wind turbine site area
to determine the best spot to install future wind turbines.

1.5

Scope of This Thesis Project

Among other components of Cal Poly’s small wind turbine system, this project focuses on the structural analyses of thr wind turbine tower. The initial design of the
tower was completed by the CPWPRC already. Much of the work presented in this
project verified the structural integrity of the tower under various load cases. Various
structural analyses of the tower using the finite element analysis and its mechanical
components were performed and reported.
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Chapter 2
Design of Wind Turbine Tower

What are the functions of a wind turbine tower? The most obvious one is that it
places the wind turbine at a certain elevation where desirable wind characteristics are
found. It houses many electrical components, connections and the control protection
systems and provides access area to the wind turbine [2]. Most importantly, the wind
turbine tower supports the wind turbine (a nacelle and a rotor) and carries the loads
generated from the turbine. The structural properties of the wind turbine tower are
very important as the property such as tower stiffness has a big influence on the
performance and structural response of the wind turbine.
As the cost of the tower is a significant portion of the overall wind turbine system
cost, they are often optimized in order to minimize the cost of the tower. In certain
cases, the structural optimization is performed to meet certain stiffness requirements
(frequency-driven) while minimizing the cost. In other cases, static strength of the
tower is the main driver (strength-driven) for the optimization. In all cases, the
design optimization is a function of many design variables. In this chapter, we look
at some of the important design factors that are crucial for the wind turbine tower
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optimization: type, material, and height of the wind turbine tower.

2.1

Type of Wind Turbine Towers

Figure 2.1 shows three types of wind turbine towers that are widely seen for the
horizontal-axis wind turbines: lattice tower, tubular tower and hybrid tower [11].

(a) Lattice Tower

(b) Tubular Tower

(c) Hybrid Tower

Figure 2.1: Common Types of Wind Turbine Towers

2.1.1

Free-standing or Guy-wired

Each of the aforementioned types of towers can be made free-standing or guy-wired.
Use of guy wires may bring down the initial cost of the tower as it would require less
tower material. Many small wind turbines use guy wires for this reason, however the
maintenance costs for the guy wires add more costs to the operation, thus should be
avoided if possible [12]. Additionally, the guy wires require a larger footprint and
additional foundations. Therefore, it may present a problem with land accessibility
and usage which may not be suitable in farm areas.
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2.1.2

Lattice Tower

The lattice tower is made from trusses or frames that are bolted or welded together as
shown in Figure 2.1a. In general, the initial cost to build a lattice tower is less than
the tubular tower because it requires less material for similar stiffness. Although the
initial material cost may be lower for the lattice tower, the assembly and maintenance
costs may be higher as each bolt needs to be torqued to a specification and checked
periodically. Unlike the tubular tower, the base dimension is not restrained by the
section size limit (see Tubular Tower). Additionally, the foundation cost may be less
than the tubular tower because inexpensive pile foundations at each frame foot can
be used. Aesthetically, it is less appealing which is an important factor.

2.1.3

Tubular Tower

The tubular tower is shown in Figure 2.1b. It has a pipe cross-section. Many tubular
towers are either tapered (conical) or stepped which has increasing diameter towards
the bottom. In addition, for stepped tubular towers, the thickness of the wall can
be varied along the height of the tower in order to save the material while satisfying
the structural requirements. Bolted flanges are commonly used to join the sections
of the tower and to secure the tower to the foundation. Many tubular towers use a
gravity-based “matt” foundation which is more expansive than a pile foundation.
The tubular tower has many advantages over the lattice tower. The enclosed area
of the tubular tower cavity is useful. First, it provides a covered, protected area for
climbing to access the wind turbine in bad weather conditions. Also, it provides a
covered area that can house many electrical components. In a cold climate, windy
or wet area, this is an important feature. It provides a certain level of security by
limiting the access to the turbine unlike the lattice tower. Additionally, it is more
15

maintenance friendly. Although the initial material cost may be higher than the
lattice tower, it does not rely on many bolted-connections which need to be torqued
and checked periodically. Aesthetically, it is more appealing than the lattice tower
[11]. European countries have always favored tubular towers for aesthetic reasons
[13]. However, for very large wind turbines, transportation may be a challenge. The
sections of the tubular towers are manufactured and then assembled on the wind
turbine site. The current limitation of the tubular section size is 4.3 m in diameter
[2].

2.1.4

Hybrid Tower

The hybrid tower combines different configurations of the wind turbine tower. The
hybrid tower shown in Figure 2.1c is an example. It is called stayed design which
combines steel tube, steel truss and guy-wire. The name came from the analogy of
the support method of a sailing ship mast. For this design, the guy wires can be
used without requiring additional foundations. As mentioned the tubular type has
a major section size limitation of about 4.3 m for larger turbines. This limit may
result in site welding and fabrication which may compromise the quality of the tower.
Transporting the larger diameter sections may be very costly as well. The stayed
design may overcome the section size limitation while making use of the tubular
tower advantages [2].

2.1.5

Tower Design Trend

Presently, the most common type is the free-standing tubular tower for large wind
turbines and it is expected to be more popular in the future. For small wind turbine
towers, the use of guy-wires on the tubular tower is widely seen [14].
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2.2

Materials for Wind Turbine Tower

The two most common materials used for wind turbine towers are structural steel
and reinforced concrete. Use of steel is more popular between the two materials. In
developed countries which have higher labor costs, it is more standard to use steel
[2]. Steel is also galvanized or painted to protect it from environmental damage such
as corrosion [11].

2.3

Height of Wind Turbine Tower

The height of the tower is a site-dependent parameter because it is tailored to the
wind characteristics of the site. The design optimization for the least cost could favor
tall towers in low wind areas and shorter towers in high wind areas. However, if there
are obstacles such as trees or tall objects that may make the wind flow more turbulent,
taller tower will be required. In addition, tall towers may prevent the turbine from
the effect of wind shear if the site has frequent wind shear occurrence.
In general the taller the tower, the more power the wind system can produce. According to [11], the tower height is to be at minimum 20 m (66 f t). Favorably, the
tower height should be higher than 24 m (78 f t) because the wind speed is lower and
more turbulent close to ground.
With relation to the rotor size, it is typically 1 to 1.5 times the rotor diameter for a
normal horizontal axis wind turbine. For a small wind turbine, the tower height to
rotor diameter ratio is a lot higher in order to benefit from the higher wind speed at
higher height [11].
Indeed, the demand for the taller tower is currently increasing. The challenges that
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come with the design of the taller tower are to make it structurally safe at a reasonable
cost while meeting requirements imposed by the transportation and installation. The
tall tower needs large cranes for the installation and it can be difficult to transport.
The use of cranes may not even be possible depending on the installation location.
The idea of a self-erecting tower was evaluated and showed some potential to resolve
this issue for tall towers [15]. Self-erecting towers use mechanisms such as telescoping
mechanisms, tower-climbing devices, A-frame or jacking-up systems.
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Chapter 3
Cal Poly’s Small Wind Turbine
(SWT) Tower

Cal Poly’s wind turbine tower was designed by the CPWPRC for a 3 kW horizontalaxis wind turbine. It will be installed on a ranch a few miles from the Cal Poly
campus. The soil at the site was characterized by a local geotechnical engineering
company. Currently, wind is measured at the site for an extended period of time.
The main design features of Cal Poly’s wind turbine tower and its components are
summarized and described in this chapter.

3.1
3.1.1

Wind Turbine Site
Location

Cal Poly’s small wind turbine is to be installed on the Escuela Ranch which is located
a few miles north of the Cal Poly campus. The site is an unpopulated area, which
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is currently utilized as a part of a cattle ranch by the College of Agriculture. The
prevailing wind comes from an approximate north-west direction (figure 3.1b). The
exact location is shown in Figure 3.1 and the geographic coordinates are specified in
Table 3.1.

(a) Location of Cal Poly Wind Turbine
Tower

(b) View at Wind Turbine Site

Figure 3.1: Cal Poly Wind Turbine Site
Table 3.1: Geographic Coordinates of Wind Turbine Site

Longitude N 35◦ 210 7.2”
Latitude
W 120◦ 430 36.8”

3.1.2

Soil and Wind Characteristics of Site

A local geotechnical engineering company, Earth Systems Pacific, performed a soil
analysis for the wind turbine site. ASCE-7: Minimum Design Loads for Buildings
and Other Structures contains a seismic provision in which it specifies the methods to
perform the seismic analysis for a structure. The soil analysis results showed that the
site can be categorized as Site Class D - Stiff Soil per ASCE-7’s Site Classification.
The site class information is used for obtaining a site-specific (earthquake) design
spectrum for seismic analysis. It will be discussed in a later section in detail. The
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results of the soil analysis were used in the design of the foundation as well. The type
of foundation is strongly influenced by the soil condition.
Just as for soil, the wind characteristics are site-specific. Wind is currently measured
using anemometers installed on the site. They are installed on a measuring tower
and spaced at equal vertical distances along the tower. As a preliminary analysis,
the annual average wind speed of San Luis Obispo and several surrounding locations
were reviewed. They are readily available from weather station records. The average
wind speed was about 3.14 m/s (7 mph). It was averaged over 10 years from 1996.
In the late spring months, however, the average wind speed increased to 5 to 6 m/s
(about 12 mph).

3.2

Design Features of Cal Poly’s Wind Turbine
Tower

The wind turbine tower is shown in Figure 3.2 highlighting some of the main components. The main design features of the tower are summarized and explained:

 Material: ASTM-A570 grade-50, high strength steel; galvanized
 Main structure: tapered, tubular tower
 Tiltable on sleeve bearings
 Permanently installed ginpole and strut
 Gussets (to lower stresses and increase stiffness)
 Two-piece construction

21

Figure 3.2: Cal Poly Wind Turbine Tower
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The tower and all of its components are made from ASTM-572 grade-50 high-strength
steel. The material has a higher yield point compared to the more common structural
steel, ASTM-A36. In addition, all steel components are galvanized to resist corrosion.
The tower is a tubular-type tower as it is simpler to construct and aesthetically more
pleasing than a frame-type tower. The tower mast is tapered, having a larger crosssectional diameter at the bottom and smaller diameter at the top in order to save
material and reduce the tower weight.
One of the main design objectives for the tower design is easy access to the wind
turbine (nacelle and rotor). This was achieved by a tilting feature. The tower tilts
on the two bearings located at the bottom of the tower (Figure 3.7). The ginpole
and strut (Figure 3.4, Figure 3.5) are permanently attached to the lower section of
the tower by lugs and bolts. The main purpose of these members is to raise and
lower the tower but they also provide structural support as well after installation
when the turbine is operating. Four gussets (Figure 3.6) are welded at the bottom of
the tower in order to lower stresses and increase stiffness in the direction where the
ginpole and strut cannot provide the structural support. They are perpendicular to
the longitudinal axis of the ginpole and the prevailing wind direction. The need for
structural support in the direction is small since the wind is not likely to blow in that
direction.
In order to make transportation easy, the tower is built in two sections. The sections
of the tower are transported to the installation site, and joined by a bolted flange
(Figure 3.3). The wind turbine is placed on top of the tower and secured using a
bolted flange as well.
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Figure 3.3: Wind Turbine Tower Component: Flange

Figure 3.4: Wind Turbine Tower Component: Ginpole
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Figure 3.5: Wind Turbine Tower Component: Strut

Figure 3.6: Wind Turbine Tower Component: Gusset
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Figure 3.7: Wind Turbine Tower Component: Bearing

3.3

Installation Plan

One of the main features of the tower is the tilt-on-bearing feature which allows easy
access to the nacelle and rotor. The idea is to use a truck which has a high capacity
winch to raise/lower the tower without any special equipment (such as a crane). Two
anchors are installed on the ground 75 f t away from the tower. The front and rear
end of the truck are held by a set of anchors. A high strength cable is attached
at the end of ginpole-strut assembly and pulled using the truck’s winch. Figure 3.8
illustrates the tilting concept.
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(a) Tower, Lowered

75 ft.

75 ft.

(b) Tower, Raised

(c) View of Tower Tilting Process

Figure 3.8: Tower Tilting Process
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Chapter 4
Wind Turbine Design Load

4.1

Introduction

A structural analysis begins with determination of loads. Let’s look at some of the
characteristics of the loads for the wind turbine design.
Comprehesive Load Cases: Design load cases for the wind turbine are comprehensive
in order to ensure safe operation. They cover all combinations of operating situations
and external conditions that the wind turbine system may experience with reasonable
probability for the life of the turbine.
Obtaining accurate loads is difficult: Major parts of the design loads stem from an
external condition, wind. However, determining accurate wind loads can be difficult
because of the characteristics of wind. Wind is time-varying and random in nature
(turbulence, gust). The extreme wind speed of a 50-year occurrence period, for
example, at a specific location is at most a guess from statistical extrapolation. And
wind speed and direction vary greatly depending on the location. Luckily, industry
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standards and guidelines exist that provide methods to calculate accurate design
loads, not just the wind loads but all the loads that can result from all the load cases.
DNV/RISO Guidelines for Design of Wind Turbines [14] and IEC 61400-2, Design requirements for small wind turbines [4] contain good guidelines for determining the design loads for wind turbine design. They cover comprehensive lists of design load cases,
and provide detailed methods to calculate different types of loads. The DNV/RISO
guidelines provide information which is obtained from a combination of specifications
and studies from the wind turbine industry and research agencies for all classes of
wind turbines. The IEC 61400-2 is unique in that it was prepared specifically for
small wind turbines.
In order to explain the wind turbine loads that are relevant to the tower (some load
cases have little or no relevance or a small effect on tower loads), both sources are
reviewed and briefly discussed in this chapter. The load that would create the maximum bending load is of interest in order to perform the ultimate strength analysis.
Using the IEC’s simplified load equation method, some design loads that are important to Cal Poly’s wind turbine tower were calculated. Design loads provided from
the Cal Poly team are also summarized, and then compared with the calculated IEC’s
simplified method results. It turned out that the design load for Cal Poly’s wind turbine turned out to be more conservative than the load calculated from the simplified
method. Therefore, the more conservative load, Cal Poly’s design load, was used as
a basis for the ultimate strength analysis of the wind turbine tower.
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4.2

DNV/RISO and IEC Guidelines for Load Determination

Load determination methods presented in the DNV/RISO Guidelines for Design of
Wind Turbines [14] and IEC 61400-2: Design requirements for small wind turbines
[4] are reviewed and summarized. It is beneficial to understand them in order to get
accurate tower loads.

4.2.1

Load Cases and Load Types

A wind turbine system must be analyzed for various loads that it will experience
during its design life including the behavior of the control system and protection
system, such as braking or pitch-regulation. The first step in determining the design
loads is to define the load cases.
Design load cases are created by combining relevant design situations with various
external conditions as illustrated in Figure 4.1.
Design Situations
Power generation
Fault
.
.
.

Design Load Cases
Case 1
.
Case 2
.
Case 3
.
Case 4
Case 5
.
.
.

External Conditions
Normal wind
Extreme Wind
Waves
.
.
.

Loads
Drag force
Lift Force
Braking Torque
.
.
.

Figure 4.1: Determining Design Load Cases and Load Types
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in, cut-out, or standing-still condition. Temporary conditions include cases such as
transportation, installation, fault, repair/testing [14].
External conditions usually refer to wind and enviromental conditions/events where
the turbines are installed. They can be categorized as normal or extreme conditions
[14].
In general, the following lists of combinations are considered as load cases for small
wind turbines [4]:

 Turbine operation without fault + normal external conditions (i.e., wind at

design wind speed) or extreme external condition.
 Turbine at fault + appropriate external conditions
 Maintenance, transportation, installation + appropriate external conditions

For each design load case, then, different types of loads are considered. Each type of
load can be categorized from its source. A combination of different types of loads is
applied to the relevant components of the wind turbine system for design.

 Aerodynamic loads that result from wind: drag, lift force
 Inertia loads that result from gravity, rotation, vibration, or gyroscopic effects
 Functional loads from transient operation conditions of turbine such as braking,

yawing, blade pitching, or transmitting power to generator: braking torque,
yawing moment, blade pitching moment
 Other loads resulting from other environment sources such as wave, current,

ice, and earthquake
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4.2.2

Methods for Determining Design Loads

Three methods were suggested for finding design loads [4]:

 Aeroelastic Modeling
 Simplified load equations
 Data measurements/extrapolation

In the following sub-sections, some of the methods for determining loads were reviewed and summarized. The aeroelastic modeling seems to be a popular method in
the wind turbine industry for determining design loads. With relatively inexpensive
computational costs these days, this method calculates the most realistic loads all
the way down to the wind turbine structure’s component level. It accounts for the
complicated flow patterns of the wind turbine blades, and even includes effects of the
control, protection system of the wind turbine. For seismic analysis, it can calculate
the loads for the wind turbine components resulting from earthquake loading. IEC’s
simplified equations provide methods to calculate the loads only using the key wind
turbine parameters. It is a simple and economical method of obtaining loads but load
verification is required. Finally, loads can be directly measured and extrapolated from
the measured data.
For the Cal Poly’s tower, the IEC’s simplified load-equation method was used to
determine the ultimate load for static analysis.
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4.2.3

Using Aeroelastic Method for Load Calculation

Aeroelastic Modeling

An aeroelastic method specified in the standards employs computer codes specially
developed for load calculation on wind turbine systems. A well-recognized program is
HAWC2 and it was developed by RISO laboratory. HAWC2 is a tool for simulating
wind turbine system response in the time domain. It was started as a modified nonlinear finite element analysis based program but the most recent version is based
on a multibody formulation applied to a six-degree of freedom (three translational,
three rotational) Timoshenko beam element. The program is continuously improved
and modified. Its goal is to simulate all loading conditions and loads for a wind
turbine system all the way down to the wind turbine component level. Other notable
aeroelastic modeling software for wind turbines are GL-BLADED, FLEX5, and FAST,
which was developed by NREL.

Structure Modeling

For HAWC2 (and for many other programs as well), the structural modeling of a
wind turbine system is accomplished by multibody formulation. The multibody formulation models each body (for example, blades) using a set of Timoshenko beam
elements. Then, a component (turbine nacelle or tower, for example), which is composed of one or more bodies, is created with its own reference frame. Each body is
constrained using algebraic coupling such as joints, fixed relative positions, or controlled position. A body itself assumes a small deformation and rotation as it uses
linear formulation element. However non-linearity can be simulated: Large deformation or rotation can be accounted for in the coupling points as deformation states
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of last nodes are passed to next body reference frame; and forces are applied in the
deformed state. This multibody modeling gives great flexibility by breaking complex
system into components.

Modules

The aeroelastic model attempts to incorporate all possible factors that affect loading
including earthquake, aerodynamic effects, rotor dynamics, soil structure interaction,
electrical system dynamics, and others. In order to achieve this goal, individual
modules that simulate aerodynamics, turbine’s control systems, or soil conditions are
developed (currently modified and new features are added). The modules are linked
to the structural model; the calculated results from each module are transferred to
the model. They provide realistic, time-varying effects which are incorporated into
the structure characteristics such as mass (M), damping matrices (C), etc. For example, for the aerodynamic module, both deterministic (shear, gust) and stochastic
(turbulence and wakes) wind components are modeled using various physical models to describe realistic wind conditions. With specified blade geometry, the module
calculates the aerodynamic forces on the blades. Then the forces are applied to the
structure accounting for complex flow patterns such as wake. Additionally, gyroscopic effects which result from the rotation of the rotor are applied to the structure’s
equation of motion modifying the damping characteristic of the structure.

Verification and Conclusion

The calculated loads from the aeroelastic analysis are subject to verification [14], [4].
According to load validation studies, the loads obtained from the aeroelastic analysis
agree well with the measured loads. RISO developed the aeroelastic models for Ves-
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tas V39 and Nordtank 500/37, which are pitch- and stall-controlled horizontal-axis
wind turbines respectively, to investigate the load sensitivity to wind and turbulence
parameters for a complex terrain. They performed load validation studies of the
aeroelastic models and concluded that the measured load data and the loads obtained from the aeroelastic model have a good agreement [16], [17]. Because of the
accurate load prediction capability of the aeroelastic analysis, the IEC specification
allows use of lower safety factors on the loads calculated from the aeroelastic analysis
[4]. If the load measurement is difficult for a wind turbine, the load verification can
be performed by comparing the calculated loads of a wind turbine to the measured
loads obtained from similar-size wind turbines that have similar configurations.
Nowadays, computational resources are readily available. Thus, the aeroelastic method
for determining load is the most common in the wind turbine industry [14]. However,
for small wind turbines and prototypes such as our project in which not much wind
data or load verification data are readily available, this method can pose some challenges. For low budget wind turbines, such as small wind turbine systems, the cost
of computation may actually be a significant portion of the overall cost and may not
be justifiable unless the system is manufactured for large quantities.

4.2.4

Using Simplified Load Equations for Load Calculation

Introduction

IEC 61400-2 provides a simple method for determining loads for small wind turbines if
certain conditions are met. The method is simple and thorough, covering most of the
load cases that a small wind turbine would experience for its design life. It is simple
because it only requires basic wind turbine parameters that can be easily measured
from the prototype wind turbine. Therefore, this method provides a good starting
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point to get the design loads for an initial component design. This method provides
loads at specific turbine locations such as blade root or shaft of the wind turbine (but
not the tower itself). The loads determined from this method are supposed to be
conservative [18].
The wind measurement at the wind turbine installation site is on-going and some of
the turbine’s characteristics still need to be measured and verified. Using some of the
known parameters of Cal Poly’s wind turbine, some of the loads were calculated per
IEC’s simplified load equation method. The selected loads were determined to be the
worst load case for the tower for the ultimate strength analysis.

Wind Turbine Requirements for Simplified Equation Method

In order to use the simplified equations, the wind turbine must meet the following
criteria:

 Horizontal axis wind turbine
 2 or more blades
 Cantilevered Blade
 Have rigid hub (not teetering or hinged hub)

The criteria apply to all downwind or upwind; variable or constant speed; active,
passive, or fixed pitch; and furling or no furling turbines. Cal Poly’s wind turbine
meets the specified requirements (see specification described in Chapter 1), thus the
simplified load equation method can be used to calculate the loads.

36

Small Wind Turbine Classes and Wind Speeds

Small wind turbine classes are categorized according to wind speed and turbulent
parameters in the IEC standard [4]. It was assumed that our wind turbine was the
Class III small wind turbine, and corresponding wind speeds were used for load
calculations. Class III turbines can withstand wind conditions of Vref = 37.5m/s
(83.9mph) and more. Vref is a reference wind speed and it is a basic parameter for
wind speed used for defining wind turbine classes. The average wind speed, Vave , and
Vref for Class III SWT are given by the standard and shown in Table 4.1. From Vref ,
Ve50 and Ve1 were scaled using Equations 4.1 and 4.2. They are expected extreme
wind speeds (averaged over 3 seconds) with a recurrence time interval of 50 years and
1 year respectively. The design wind speed, Vdesign , was defined using Equation 4.3.

Ve50 = 1.4Vref (at hub height)

(4.1)

Ve1 = 0.75Ve50

(4.2)

Vdesign = 1.4Vave

(4.3)

Design Load Cases

Load cases for the simplified load equation method are provided by IEC as shown in
Figure 4.2.
For each design load case, different types of loads are calculated using the given
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Table 4.1: Class III Small Wind Turbine Specified by IEC [4]

61400-2

IEC:2006

SWT Class

Wind Speed, m/s (mph)

Vref
Vave
Ve50
Ve1
Vdesign

37.5 (83.9)
7.5 (16.8)
52.5 (117.4)
39.4 (88.1)
69 –
10.5– (23.5)

Table 2 – Design load cases for the simplified load calculation method
Design situation

Load cases

Wind inflow

Type of
analysis

U

A

Normal operation

B

Yawing

V hub = V design

C

Yaw error

V hub = V design

U

D

Maximum thrust

V hub = 2,5V ave

U

Power production
plus occurrence of
fault

E

Maximum
rotational speed

F

Short at load
connection

V hub = V design

U

Shutdown

G

Shutdown
(braking)

V hub = V design

U

Parked (idling or
standstill)

H

Parked wind
loading

V hub = V e50

U

Parked and fault
conditions

I

Parked wind
loading, maximum
exposure

V hub = V ref

U

Transport, assembly,
maintenance and
repair

J

To be stated by
manufacturer

Power production

Remarks

F

Rotor spinning but could be
furling or fluttering

U
Maximum short-circuit generator
torque

Turbine is loaded with most
unfavourable exposure

U

Other design load cases relevant for safety shall be considered, if required by the specific
Figure
SWT
design.4.2: Design Load Cases for Simplified Load Calculation Method [4]
7.4.2

Load case A: Normal operation

equations in the specifications. Simple equations for calculating the moments at the
The design load for “normal operation” is a fatigue load. The load case assumes constant
loading for the blade and shaft, these ranges are given below. The ranges are
rootrange
of thefatigue
blades,
bending moment and torque on the shaft, and axial load along the
to be considered in the fatigue assessment as peak-to-peak values. The mean values of the
load ranges can be ignored.

length of the shafts were commonly found. None of the loads are given for the tower
Blade loads:

specifically except for the load case J: transportation, assembly.
2
FzB ! 2mB Rcog n,
design

M sB !

Qdesign

M yB !

B

 2mB gRcog

design Qdesign

B

(21)

(22)

(23)

The fatigue loading on the blade would be considered to occur at the airfoil – root junction or
at the root – hub junction, whichever is determined to have the lowest ultimate strength. The
calculated stresses are the combination of 38
the centrifugal loading (F zB ) and the bending
moments (M xB and M yB ).

Loads for Design of Tower

Which load cases produce the largest load for the wind turbine tower? For the tower,
the horizontal axial-load that acts along the turbine’s shaft produces the largest load
as it creates a bending moment at the lower parts of the tower. The braking torque and
moments applied to the shaft due to power generation and other conditions are not
significant compared to the tower bending moment. Thus, for static ultimate strength
analysis, the largest bending moment for the tower needs to be found. According to
[14], the following list of load cases usually produces such load:

1. Stand-still + 50-year recurrence wind speed
2. Fault + High wind speed
3. Normal operation + Near cut-off wind speed

The first case in the list corresponds to the load case H, the second case to the load
case I, and the third to the load case D of the load case table shown in Figure 4.2.
In our case, with Ve50 of 117 mph, the load case H (first case in the list) produced
the most significant bending moment at two locations of the tower amongst all other
load cases listed in Figure 4.2. Wind speed has the largest effect on the aerodynamic
loads as the speed is squared in the load calculation (see Equation 4.4, 4.5). Case H
uses the largest wind speed for the calculation.
For the load case H: Parked Wind Loading, aerodynamic loads from extreme wind
speed (Ve50 ) is calculated. Horizontal drag force of the rotor applied to the shaft,
Fx−shaf t , is calculated using Equation 4.4 for the non-spinning rotor as our turbine’s
cut-off speed is reached before the wind speed reaches Ve50 . This equation assumes
drag coefficient, Cd , of 1.5. Aerodynamic forces on the tower and nacelle are calculated
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using Equation 4.5. Force coefficients, Cf , which takes drag and lift into account for
different body shapes, were used in the calculation.

2
Aproj,B
Fx−shaf t = 0.75BρVe50

(4.4)

1 2
Fbody = Cf,body ρVe50
Aproj,body
2

(4.5)

Loads for the load case H were calculated for Cal Poly’s turbine. The parameters
that were used in the calculation are summarized in Table 4.2. All calculations were
carried out in metric units. The calculation results are summarized in Table 4.3.
Table 4.2: Parameters for Load Case H Calculations

Symbol

Description

Value

ρ
Aproj,B
Aproj,tower
Aproj,nacelle
B
Cf,tow
Cf,nac
R

Density of Air, Standard 1.225 kg/m3
Projected Area of Blade
0.418 m2
Projected Area of Tower 5.42 m2
Projected Area of Nacelle 0.393 m2
Number of Blade
3
Force Coefficient, Tower
1.3
Force Coefficient, Nacelle 1.5
Rotor Radius
1.829 m

Table 4.3: Calculated Loads for Load Case H

Symbol

Description

Fx,shaf t

Drag force on parked rotor
3175.5 (713.9)
applied to shaft
Combined force (lift, drag) on Tower 11895.8 (2674)
Combined force on Nacelle
995.2 (223.7)

Fx,tower
Fx,nacelle

Value, N (lbf )
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Note that the load case H, as calculated above, turned out to be very conservative
according to the study, Tower Design Load Verification on a 1-kW Wind Turbine
sponsored by the National Renewable Energy Laboratory (NREL) [18].

4.2.5

Determining Loads From Measurements

Loads can be measured directly and used for all or a particular load case [4]. Measurement processes and guidelines are given in the IEC specification for accurate
measurement. Enough data need to be collected to perform statistical analysis. This
method is good in that the load verification is not necessary but it is time-consuming
and costly.

4.3

Wind Loads Given by Cal Poly

A set of loads for the Cal Poly’s wind turbine tower was calculated using the IEC’s
simplified load equation method. This was the extreme load case which gave the
largest load for the tower. Dr. Patrick Lemieux (Cal Poly) calculated the extreme
thrust load as well but used a slightly differently approach than the IEC’s method.

4.3.1

Cal Poly’s Load Case for Tower Design

Cal Poly’s load case is similar to the load case D: Maximum Thrust of the IEC’s
simplified method, but with an increased cut-off speed of 60 mph (30 mph is the
actual cut-off speed) and ideal thrust coefficient, CT , of 2.
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4.3.2

Calculation of Maximum Thrust

The maximum thrust was calculated using Equation 4.6.
1
T = CT ρπR2 U 2
2

(4.6)

where T is the thrust; CT is thrust coefficient; ρ is density of air; R is radius of rotor;
and U is free stream velocity.
The equation 4.6 is derived by applying one-dimensional momentum theory to an
“actuator disk” in a “stream tube” as illustrated in Figure 4.3 [11]. As seen in
Figure 4.4, for the Betz turbine model (dashed-line), maximum CT is 1 occurring at
induction factor, a, of 0.5. After a = 0.5, this model is invalid to predict CT . After
a = 0.5, Glauert Empirical Relations is used (solid-line in Figure 4.4). In reality, the
complicated flow (turbulent wake state) may drive CT as high as 2 as shown in the
Figure 4.4 [11]. Note that a = 1 means that the downwind wind speed (U 3 in Figure
4.3) is zero after the wind goes through the rotor which is not likely to occur in the
Aerodynamics of Wind Turbines

operation. Thus the corresponding CT = 2 is a conservative estimate.
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Stream tube boundary
Actuator
disk
U2

U1

1

U4

U3

2 3

4

4.3:
Actuator
Disc
Model
Thrust
Calculation
(from
[11]) locations
Figure 3.1Figure
Actuator
disc1D
model
of a wind
turbine;
U, for
mean
air velocity;
1, 2, 3, and
4 indicate

A
maximum possible value of CT = 2 at induction factor, a = 1 was used for the
. an inﬁnite number of blades;
. uniform thrust over the disc or rotor area;
thrust
calculation. Density of air at the standard condition, ρair = 1.229 kg/m3 , was
. a non–rotating wake;
. the static pressure far upstream and far downstream of the rotor is equal to the undisturbed
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ambient static pressure

Applying the conservation of linear momentum to the control volume enclosing the whole
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2.0

Thrust coefficient

Glauert empirical relation
1.5

1.0

CT = 4a (1−a)

0.5
Windmill state

Turbulent wake state

0.0
0.0

0.2

0.4
0.6
Axial induction factor

0.8

1.0

Figure 3.29
Fits to measured
thrust coefﬁcients
Figure 4.4: Thrust
Coefficient,
CT wind
Vs.turbine
Induction
Factor, a (from [11])

conditions described by momentum theory for axial induction factors less than about 0.5.
Above a ¼ 0.5, in the turbulent wake state, measured data indicate that thrust coefﬁcients
used, and the
increased
wind
velocity
of This
26.82
(60 mph)
was
increase
up to aboutcut-off
2.0 at an axial
induction
factor of 1.0.
state m/s
is characterized
by a large
expansion of the slipstream, turbulence and recirculation behind the rotor. While momentum
theory nocut-off
longer describes
turbine is
behavior,
empirical
relationships between CT and the
Again, the actual
windthespeed
about
30 mph.
axial induction factor are often used to predict wind turbine behavior.

assumed.

Rotor
for the Turbulent
Wake4.4.
State
The resulting3.8.4.3
loads
areModeling
summarized
in Table
The rotor analysis discussed so far uses the equivalence of the thrust forces determined from
momentum theory and from blade element theory to determine the angle of attack at the blade.
Table 4.4: Design Load Given by Dr. Lemieux [8]
In the turbulent wake state the thrust determined by momentum theory is no longer valid. In
these cases, the previous analysis can lead to a lack of convergence to a solution or a situation in
which the curve deﬁned by Equation (3.85a) or (3.85) would lie below the airfoil lift curve.
In the turbulent wake state, a solution can be found by using the empirical relationship
Load
Type
between the axial
induction
factor and the thrust coefﬁcient inLoad
conjunction with blade element
theory. The empirical relationship developed by Glauert, and shown in Figure 3.29, (see
Thrust
Load tip
onlosses,
Shaft
2100 lbf
Eggleston andMax.
Stoddard,
1987), including
is:
h
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃi lbf
Max.a ¼Torque
150 f t −
ð3:100Þ
ð1=FÞ 0:143 þ 0:0203  0:6427ð0:889  CT Þ
This equation is valid for a > 0.4 or, equivalently for CT > 0.96.
The Glauert empirical relationship was determined for the overall thrust coefﬁcient for a
rotor. It is customary to assume that it applies equally to equivalent local thrust coefﬁcients
for each blade section. The local thrust coefﬁcient, CT, can be deﬁned for each annular rotor
section as (Wilson et al., 1976):

4.4

dF
¼
Comparison and CConclusion
rU 2prdr
Tr

N

1
2

2

ð3:101Þ

Various methods of determining load cases and different types of loads were reviewed.
Some of the loads that are relevant to the tower were reviewed. For Cal Poly’s tower,
load case H induced the largest loads on the tower among other cases considered in the
simplified equations. Note that the case H is very conservative according to NREL’s
load verification study. Dr. Patrick Lemieux (Cal Poly) also calculated the extreme
load using a slightly different method and assumptions than the IEC’s method.
Now the two loads are compared. The calculated thrust loads were converted to the
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bending moments at two locations of the tower for comparison, just above the strut
attachment and the bottom of the tower. As shown in Figure 4.5, the total combined
lateral loads for the load case H are higher but Cal Poly’s load induced more bending
moment on the tower. Therefore, Cal Poly’s calculated load was used for the ultimate
strength analysis of the tower.

2100 lbf
938 lbf
(Fx,nacelle + Fx,shaft)

63.9 ft‐kip

94.3 ft‐kip

128 ft‐kip

147 ft‐kip

2674 lbf
(Ftower)

Figure 4.5: Comparison of Calculated Loads for Load Case H (left), and Load Given by
Cal Poly (right)

How do moment loads on blades affect the tower?
X’, Y’, and Z’ represent the tower coordinate system where the X’-axis is along the
tower, the Z’-axis is along the axis of rotor rotation, and the Y’-axis is perpendicular
to both X’ and Z’. For example, if the tower coordinate system is placed on a nacelle,
a motion around the X’-axis is yawing, the Y’-axis is pitching-backwards and the
Z’-axis is rolling of the nacelle. ψ is the Azimuth angle of the blade with respect to
the tower (Figure 4.6).
Mβ is the flapwise bending moment at the root of a blade. It can be calculated using
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ψ

Figure 4.10

Typical turbine appropriate for hinge–spring model

Figure 4.6: Azimith Angle of Blades (ψ) (from [11])
.
.

Equation 4.7.

the blade hinge may be offset from the axis of rotation;
when
the rotational
is constant.
Therotating,
thrust,
T , isspeed
2100
lbf for our

case; B is the number of blades

The development of the appropriate hinge–spring stiffness and offset for the model are

(3); and R isdiscussed
the radius
ofsection.
the turbine rotor (6 f t). Mβ (2800 f t − lbf ) is, then,
later in this
Figure 4.11 illustrates the coordinate system for the model, focusing on one blade. As shown,

X 0 , Y 0tower
, Z 0 coordinate
system is deﬁned
by the
turbine itself whereas
X, Y, ZEquation
are ﬁxed to the4.9 which are
transferred tothethe
coordinate
using
Equation
4.8, and
0
0
0

called the

earth. The X axis is along the tower, the Z axis is the axis of rotor rotation, and the Y axis
is perpendicular to both of them. The X 00 , Y 00 , Z 00 axes rotate with the rotor. For the case of the
yawing
moment
and
the
pitching
respectively.
blade shown,
X 00 is aligned
with
the blade,
but in themoment
plane of rotation.
The blade is at an azimuth
angle c with respect to the X 0 axis. The blade itself is turned out of the plane of rotation by the
ﬂapping angle b. The ﬁgure also reﬂects the assumption that the direction of rotation of the
rotor, as well as yaw, is consistent with the right-hand rule with respect to the positive sense of
the X, Y, and Z axes. Speciﬁcally, when looking in the downwind direction, the rotor rotates
clockwise.
2T
Figure 4.12 shows a top view of a blade
Mβwhich
= has rotated
R past its highest point (azimuth of
p radians) and is now descending. Speciﬁcally,3theBview is looking down the Y 00 axis.

(4.7)

4.4.2.4 Development of Flapping Blade Model
This dynamic model uses the hinged and offset blade to represent a real blade. The hinge offset
and spring stiffness are chosen such that the rotating hinge and spring blade has the same
MXas0 the
= real
Mβblade.
sin(ψ)
natural frequency and ﬂapping inertia
Before the details of the hinge–spring
offset blade model are provided, the dynamics of a simpliﬁed hinged blade are examined. As
mentioned above, the focus is on the ﬂapping motion in order to illustrate the approach taken in
the model.

MY 0 = −Mβ cos(ψ)

(4.8)

(4.9)

The yawing moment, MX 0 , and the pitching moment, MY 0 resulted from Mβ of each
blade are transferred to the tower; they are plotted as shown in Figure 4.7 and 4.8. As
seen in Figure 4.7 and Figure 4.8, the moment loads created from a blade is canceled
out by the other two moment loads for both MX 0 and MY 0 . The blades are located at
an equal angular distance from each other, resulting zero net-moment when combined
(the sum of moment vector is zero).
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Yawing Moment, MX'
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Blade 2
0
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SUM
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‐3000

Azimuth Angle of Blade (°)

Figure 4.7: Yawing Moment from Each of Three Blades, MX 0 , on Tower as a Blade Rotate
through 360◦ (f t − lbf )
Pitching Moment, MY'
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Moment (ft‐lbf)
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Blade 1
Blade 2
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40
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320

360
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‐1000

‐2000

‐3000

Azimuth Angle of Blade (°)

Figure 4.8: Pitching Moment from Each of Three Blades, MY 0 , on Tower as a Blade
Rotate through 360◦ (f t − lbf )

The torsional load (or moment) along the generator shaft, Mξ , is calculated using
Equation 4.10. P is power produced by the turbine, which was assumed as 3 kW in
our case. W is the angular speed of the turbine (230 rpm). The calculated Mξ is
41.5 N − m per blade. The total Mξ on the tower is about 125 N − m (92 f t − lbf ),
which is small compared to the bending moment of the tower. Note the maximum
Mξ given in Table 4.4 which is larger than the calculated Mξ using Equation 4.10.
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But, it is still small compared to the tower bending moment resulting from the thrust
load. Therefore, the main static load of our concern is the thrust load, the weight of
the turbine and the tower itself.

MZ 0 = Mξ =
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(P/W )
B

(4.10)

Chapter 5
Wind Turbine Tower Modeling for
Finite Element Analysis

5.1

Finite Element Analyses Overview

Various structural analyses of Cal Poly’s wind turbine tower were performed using
the finite element method. All the analyses were performed using Abaqus which is
a suite of engineering simulation programs based on the finite element method. The
wind turbine tower including the nacelle assembly was modeled using beam, shell
and inertia elements in Abaqus. The model was used to perform static and dynamic
analyses of the wind turbine tower. For static analysis, the displacements, reaction
forces and stresses of the tower structure under the static loads (not time-varying
loads such as maximum thrust load) were calculated. Dynamic analysis, in our case,
consists of a modal analysis, response spectrum analysis and transient dynamic (timehistory) analysis. In modal analysis, a set of undamped natural frequencies and mode
shapes of the tower structures were calculated. The results of modal analysis were
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used as a basis for the response spectrum analysis and the transient response analysis.
The two analyses were performed in order to study the structural response of the tower
from a time-varying transient load: earthquake.

5.2

Finite Element Model of Wind Turbine Tower

As shown in Figure 5.1, the wind turbine tower is a slender structure. Its main
components such as the tower mast, the ginpole and the strut have large longitudinal
dimensions such as a length, compared to the cross sectional dimensions such as a
diameter. The tower is exposed to the large bending moments which induce large
longitudinal stresses (also known as axial or normal stress).
Based on the observations as stated above, certain simplifying assumptions can be
made for the finite element model which will significantly reduce computational time
and efforts. The biggest simplification comes from the use of beam elements in this
model. In general, geometrically slender structures where the longitudinal stress
is of main concern, such as the wind turbine tower, can be modeled using the beam
elements. They are a one-dimensional approximations of the three-dimensional structures. Details of the beam elements and its use in the tower modeling are discussed
in later sections.
The main features of the finite element model shown in Figure 5.1 are summarized
as follows:

 Beam, shell, inertia elements were used for modeling wind turbine tower struc-

ture
 Multi-body (part) construction (body or part: a group of beam/shell elements)
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(a) FEA Model of Wind Turbine (b) FEA Model of Wind TurTower
bine Tower with Beam Profile Shown

Figure 5.1: FEA Model Views of Wind Turbine Tower
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 Bodies were joined using multi-point constraints

In the subsequent sections, modeling details of the wind turbine tower are discussed.

5.3

Modeling Assumptions

The following list summarizes the general assumptions made for the finite element
analyses.

1. Linear Elastic Analysis (Structure response is linear and elastic) - material will
remain in elastic region; Contacts between parts are ignored; Applied loads
remain constant in direction and magnitude.
2. Beam theory assumptions apply (Refer to the beam element section).
3. The wind turbine is modeled as a lumped mass with inertia terms and its center
of mass lies directly above tower, one foot from the top flange.
4. Ground is assumed to be rigid.

5.4

Modeling Space and Coordinate System

The tower is modeled in three-dimensional space, and a Cartesian coordinate system
was chosen for the finite element modeling. The orientation of the coordinate system
follows the convention as specified as in IEC61400-2 (Figure 5.2).
x is positive in the downwind direction, z is positive upward, and y follows righthand rule. In Abaqus, x, y, z coordinates are denoted as 1, 2, 3 respectively.
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U
4.2

Ultimate
Coordinate system

To define the directions of the loads, the system of axes shown in Figure 1 is used.
zblade
yblade

xblade

zshaft
yshaft
xshaft

z
y

x

IEC 436/06

Figure 5.2: Global Coordinate System as Specified in IEC61400-2 (from [4])
Tower
x is positive in the downwind direction, z is pointing up, y completes right hand coordinate system.
The tower system is fixed.

5.5

Elements

Shaft
x-shaft is such that a positive moment about the x axis acts in the rotational direction.
y and z shaft are not used, only the combined moment is used.
The shaft axis system rotates with the nacelle.

5.5.1

Beam Elements

Blade
x-blade is such that a positive moment about the x-axis acts in the rotational direction.
y-blade is such that a positive moment acts to bend the blade tip downwind.
structures
such as the wind turbine tower can be modeled using beam elez-blade is Slender
positive towards
blade tip.
Note that the blade coordinate system follows the right-hand convention for a rotor that spins clockwise and the left-hand
Beams
arecounterclockwise
a one-dimensional
approximation
a three-dimensional continconventionments.
for a rotor
that spins
when viewed
from an upwindoflocation.
The blade axis system rotates with the rotor.

uum. According to Abaqus manual, the beam element can be used to model structures
when one dimension
as the length
is greater
than
such as
Figure 1such
– Definition
of the
system
of other
axes two
for dimensions
HAWT
the cross sectional dimensions, and in which the longitudinal stress is most important.
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The use of the beam element over solid or shell element in order to perform analyses
such as time-history analysis will significantly reduce the computational time and
effort. Additionally, the axial stress of the tower from the bending moment is of our
primary concern. Thus, the structure was modeled mainly using the beam elements
in order to perform the static and the dynamic analysis.

Requirements for Using Beam Elements

In order for this approximation to be realistic, certain slenderness conditions need to
be met. Slenderness conditions specify geometry conditions of the part in order to
use the beam element. Abaqus recommends the use of beam elements being limited
to the structures that have cross-sectional dimension smaller than 1/10 th of axial
dimension. The axial dimension refers to distance between two supports, between
gross change in cross section, or wave length of the highest vibration mode of interest.
It does not refer to the element length.

Beam Theory Assumptions

In addition to the general modeling assumptions, the assumptions associated with
beam theory are also applied to the finite element model as follows:

1. Plane sections remain plane during deformation
2. Plane sections remain perpendicular to the axis of the beam for Euler-Bernoulli
beam element. Timoshenko beam elements allow transverse shear deformation,
thus plane sections do not stay perpendicular to the axis of the beam.
3. Deformation of the structure can be determined entirely from variables that are
functions of position along the structural length.
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Types of Beam Elements

Many different types of beam elements are available in Abaqus. But they can be
broadly categorized into two types: Euler-Bernoulli and Timoshenko. For modeling
the wind turbine tower, Abaqus’s three-dimensional beam elements, B33 and B32
elements, were used (Figure 5.3). They both have three translational degrees of
freedom (U1 , U2 , U3 ), and three rotational degrees of freedom (U R1 , U R2 , U R3 ).

Figure 5.3: Timoshenko Beam (B32) (left), and Euler-Bernoulli Beam (B33) (right) Elements (from [19])

Element B33
B33 is the Euler-Bernoulli type beam that does not allow transverse shear deformation. B33 has two nodes. And it uses cubic interpolation functions as shown in
Figure 5.3. B33 gives reasonably accurate results for cases involving distributed loading along the beam. Therefore, they are well suited for dynamic vibration studies,
where the d’Alembert (inertia) forces provide such distributed loading [19]. The cubic
beam elements are written for small-strain, large-rotation analysis.
Element B32
B32 is the Timoshenko beam in 3D space that allows transverse shear deformation.
It is good for modeling either a stubby or slender beam. It has three nodes and uses
quadratic interpolation functions as shown in Figure 5.3. Abaqus assumes that the
transverse shear behavior of Timoshenko beams is linear elastic with a fixed modulus
and, thus, independent of the response of the beam section to axial stretch and
bending [19].
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5.5.2

Using Beam Elements

There are a total of 11 tower parts that use beam elements in the model created.
Thick and stubby parts were modeled using the Timoshenko beam (B32 element).
Slender parts were modeled using the Euler-Bernoulli beam (B33 element). The parts
that used beam elements are summarized in Table 5.1 and shown in Figure 5.4.
Table 5.1: Tower Model Parts Beam Element

Part Name

Element type

Cross Section

Tower mast
Ginpole
Strut
Reinforcement Rings (4X)
Flanges (top and middle)
Lugs (ginpole and stut)

B33,
B33,
B33,
B32,
B32,
B32,

Pipe
Pipe
Pipe
Pipe
Pipe
General

Euler-Bernoulli
Euler-Bernoulli
Euler-Bernoulli
Timoshenko
Timoshenko
Timoshenko
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Part: STRUT
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Z X

Figure 5.4: Some of Parts Modeled Using Beam Elements with Cross Section Rendered

The tower mast is a tapered pole that has a tubular cross section. It has a larger
diameter at the bottom that, then, decreases as the height increases. Abaqus does
not have a beam element that can model the tapered geometry. In order to model
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the tapered geometry of the tower, the mast was discretized into six sections, each of
which has constant cross sectional properties (Moment of inertia (I), area (A), etc.)
as shown in Figure 5.5.

Figure 5.5: Modeling Tower Using Beam Model for Finite Element Analysis in Abaqus

The pipe cross-section in the beam cross-section library was used for most of the parts
except for parts that represents the lugs, gusset and ginpole plate (Figure 3.2). Using
the section library is convenient because of the automatic generation of the beam
properties such as moment of inertia. Only the radius and thickness are required to
specify the beam properties. Abaqus calculates the required section properties. For
lugs, general profiles were used instead of built-in cross-section profiles.

5.5.3

Shell Elements

According to the Abaqus manual [19], the shell element is a two-dimensional representation of a three-dimensional continuum. The shell element is used to model
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structures where one dimension (thickness) is significantly smaller than other dimensions and the stress in thickness direction is not significant. Typically, if the thickness
of the part is less than 1/10 th of the global structural dimensions, the use of the
shell element is acceptable. Typical global structural dimensions are: distance between supports, stiffeners or large change in section thickness, radius of curvature, or
wave length of highest vibration mode of interest.
Abaqus S4 shell elements with full integration were used in modeling the gusset
and ginpole plate (Figure 5.6). The S4 has three translational degrees of freedom
(U1 , U2 , U3 ), and three rotational degrees of freedom (U R1 , U R2 , U R3 ). According
to the Abaqus manual, element type S4 is a fully integrated (4 integration points),
general-purpose, finite-membrane-strain shell element. The element’s membrane response is treated with an assumed strain formulation that gives accurate solutions to
in-plane bending problems, is not sensitive to element distortion, and avoids parasitic
locking. S4 can be used for problems prone to membrane- or bending-mode hourglassing, in areas where greater solution accuracy is required, or for problems where
in-plane bending is expected [19].

Figure 5.6: S4 Shell Element (from [19])
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5.5.4

Using Shell Elements

Gussets are used in a structure to increase joint stiffness. When modeling the gussets,
two different approaches were considered. Assuming that the membrane stiffness of
the gusset plate is greater than the beam bending stiffness, the gusset can be modeled
using a beam element having a very large stiffness. Rigid beam or beam with a greater
(orders of magnitude) Young’s modulus may be used to model the gusset. The other
approach was using shell elements. The meshed nodes of the shell elements are tied to
the beam nodes at the corresponding points using rigid beams (explained in Joining
Elements). For the tower modeling, the shell elements were used in order to model
the gussets.

5.5.5

Using Mass and Rotary Inertia Elements

The mass element is a one-node element. It can be used to introduce inertia at a
point. It has three translational degrees of freedom (U1 , U2 , U3 ), and gravity loading
can be applied to a specified direction. The element can output the element kinetic
energy.
The rotary inertia element is a one-node element as well, and it is used to apply the
rotary inertia (moment of inertia) at a point. It is associated with three rotational
degrees of freedom at the point (U R1 , U R2 , U R3 ), and can be used in conjunction
with the mass element.
The wind turbine tower (a nacelle and a rotor assembly) was modeled as a lumped
point mass, using the mass element and the rotary inertia element as shown in Figure
5.7. The center of mass was assumed to be 1 f t above the top of the tower. A
node was created at that location for the mass and rotary inertia element. Then both
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elements were connected to the tower using a multi-point constraint (beam), equating
the kinematics of the node of the top of the tower to the mass/inertia element. Mass
inertia of 1.1905 lbf − sec2 /in (converted from 460 lbf of turbine weight) was used.
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The moment of inertia for the assembly was calculated using Solidworks.

Beam

MPC Tie
MPC Tie

Z
X

Y

Figure 5.7: Mass and Rotary Inertia Elements for Wind Turbine (Green Dot)

5.6

Joining the Elements

All the wind turbine parts were modeled using different types of elements. Each
set of elements was joined, with a kinematic relationship between them. They are
assembled using a node-based constraint method, multi-point constraint (MPC). The
MPC specifies linear or non-linear constraints between the nodes that are connected
[19]. Many different MPCs are available in Abaqus, and each type imposes different
kinematic constraints between the nodes. Three types of MPCs were used in the
modeling: MPC-tie, MPC-beam and MPC-hinge. In the following section, each type
of MPCs is briefly explained.
It is important to note a general rule for connecting different elements. When joining
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the two different types of elements, both elements should have the same number and
degrees of freedom (translational and rotational) at the nodes that are connected. In
our case, all the elements used have the same types and degrees of freedom at their
nodes: three-translational, and three-rotational degrees of freedom.

5.6.1

Multi Point Constraint (MPC) - Tie

MPC-tie is usually used to join two parts of a mesh when corresponding nodes on the
two parts are to be fully connected (“zipping up” a mesh) [19]. It makes the global
displacements and rotations as well as all other active degrees of freedom equal at
two nodes [19]. The requirement of the MPC-tie is that the two nodes involved in
the MPC must overlay each other.
The parts that were welded to the tower masts were constrained using MPC-tie. The
Printed using Abaqus/CAE on: Mon Jun 13 23:14:54 Pacific Daylight Time 2011

nodes of the welded parts were tied to each other making all the degrees of freedom
equal. For the tower, the ring stiffeners and flanges were welded to the tower, thus
the “tie” was used to connect these parts as shown in Figure 5.8.

MPC Tie
MPCTie
Tie
MPC
MPC
Tie
MPC Tie

Y
Z

Y
Z

X

X

Figure 5.8: MPC-Tie between Tower and Flange
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5.6.2

Multi Point Constraint (MPC) - Beam

MPC-beam provides a rigid link between two nodes constraining all the translational
and rotational degrees of freedom at the first node (a) to those of the second node (b):
(U1 , U2 , U3 , U R1 , U R2 , U R3 )a = (U1 , U2 , U3 , U R1 , U R2 , U R3 )b [19]. It is like placing a
rigid beam between the two nodes. For our case, it was the same kinematic constraints
as the MPC-tie, but the nodes did not have to overlay each other. The main use of
the MPC-beam was to constrain the shell elements to the beam elements where there
is a gap between the location of the shell and the center of the beam (Figure 5.9).

Figure 5.9: Multi-point Constraint (MPC), type Beam, picure from [19]

MPC-beam was used to constrain the welded edges of the gussets to the beam as
shown in Figure 5.10. MPC-beam’s kinematic constraints simulated the welded joint
very well, just like the MPC-tie. But a gap existed between the welded edges of the
gusset and the beam because the beam in the finite element model represented the
center of the beam. The gussets were welded to the beam few inches off the center
axis.
It was also used to constrain the welded joint between the ginpole hold down plate
and ginpole as well, as shown in Figure 5.11.
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Figure 5.10: MPC-Beam between beam (tower) and shell (gusset)
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Figure 5.11: MPC-Beam between Ginpole and Ginpole Plate

The MPC-beam is great for tying the nodes that are not aligned as well. Since the
MPC-tie and MPC-beam give the same kinematic constraints for our case, it was
used to constrain the nodes that were not overlaying each other. Initially, the strut
ring and the tower mast were to be joined using the MPC-tie as there was no offset
between the nodes to be joined. However, a very slight misalignment existed between
the nodes of the two parts (the element of the ring was slightly shorter). Rather than
re-meshing and fixing the geometry of the part, the MPC-beam was used to apply
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the kinematic constraints (Figure 5.12).
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Figure 5.12: MPC-Beam between Strut Ring and Tower Mast

5.6.3

Multi Point Constraint (MPC) - Hinge

The MPC-hinge is a constraint combined from the MPC-join and the MPC-revolute.
It makes translational degrees of freedom of two nodes (a, b) equal, and provides a
revolute constraint between their rotational degrees of freedom. That is, only two rotational degrees of freedom are constrained. The rotational degree of freedom with respect to the local 1−axis (x−axis) will not be constrained: (U1 , U2 , U3 , U R2 , U R3 )a =
(U1 , U2 , U3 , U R2 , U R3 )b ; (U R1,a 6= U R1,b ). Local axes need to be defined at each node,
and the local 1 − axis of each node need to be parallel to each other.

Figure 5.13: Multi-point Constraint (MPC), Type Hinge, from [19]

The MPC-hinge was used to simulate the bolted connection as shown in Figure 5.14.
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Figure 5.14: MPC-Hinge for Bolted Joints: Strut to Tower Mast (Left); Strut to Ginpole
Anchor Plate (Center); Ginpole to Tower Mast (Right)

5.7

Boundary Conditions

The support conditions of the tower are shown in Figure 5.15. Two bearings are the
main support members for the tower assembly which allows rotation with respect to
the y-axis. The rear end of the tower is supported at the anchor plate which holds
the tower in the z-direction.

Figure 5.15: Support Conditions of Tower
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Initially, for the bearings, all degrees of the freedom were set to zero except for the
that of the bearing rotation axis, U R2 . But the reaction forces with the boundary
conditions induced unrealistically large loads at the bearing supports. It was found
that the rotations, U R1, and U R3 at the bearings are small and no moments could
be induced at the supports. Therefore, it behaves as a pinned joint. The pinned
boundary conditions, U1 , U2 , U3 = 0 and U1 , U3 = 0 were determined to be reasonable
and, therefore, used as the boundary conditions for the bearings (Figure 5.16a). Indeed, the induced reaction forces at the support matched well with the simple statics
calculation.
At the ginpole anchor plate, a boundary condition of the simply-supported type,
U3 = 0, was found to be reasonable (Figure 5.16b). For dynamic analyses, U2 = 0
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was applied additionally.
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Figure 5.16: Boundary Conditions
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5.8

Material Properties

Two materials were considered for the wind turbine tower fabrication: ASTM A36
Carbon Structure Steel, and ASTM A572 High Strength Low-Alloy ColumbiumVanadium Structural Steel. ASTM A572 Grade-50 high strength steel was chosen
over A36 because of its high strength and reasonable cost. The price difference of
fabrication using A572 over A36 was marginal according to the vendor quote. It was
used to fabricate the main mast and all of its mechanical components. The material
properties are summarized in Table 5.2. The linear elastic region was assumed for
the material (Figure 5.17).
Table 5.2: Material Properties of ASTM A572 Grade-50 High Strength Structural Steel

ASTM A572 Grade-50 Steel
Ultimate Tensile Strength (ksi) 65.3
Yield Tensile Stength (ksi)
50.0
Poisson’s Ratio
0.26
Young’s Modulus (M si)
29.2
Shear Modulus (M si)
11.6
Bulk Modulus (M si)
20.3
Elongatin at Break
0.21
3
Density (lbm/in )
0.284

Using the material density specified combined with the weight of the wind turbine
nacelle, rotor assembly, the overall structure’s weight for the finite element’s model
is 4474 lbf , which agreed well with the Solidwork’s weight calculations.
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Figure 5.17: ASTM A572 Stress-Strain Plot (from Google Image)
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Chapter 6
Static Analyses of Wind Turbine
Tower

Using the model described eariler, the static analyses of the wind turbine tower for
two load cases were performed: Installation (tilt-up) case, 2k − lbf Maximum Thrust
case. These two load cases created the largest loads for the tower. The stress, the
deflection of the tower, the section axial-loads and the section bending-moments along
the tower were calculated and reviewed.

6.1
6.1.1

Load Case: Installation (Tilt-up)
Introduction

The installation process of the tower with the wind turbine is illustrated in Figure
6.1. The tower with the wind turbine is tilted on the tower’s two bearings. A cable
from the truck’s winch was attached to the tower’s anchor plate and used to pull the
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tower up.

75 ft.

Figure 6.1: Illustration of Wind Turbine Installation

The installation process can induce large loads on the tower. The wind turbine tower
when combined with the wind turbine weighs about 4500 lbf . The tower is at the
horizontal position, so the weight is applied perpendicularly to the tower’s long axis,
inducing a large bending moment on the tower. When the tower is tilted up, the
weight could “effectively” increases due to accelerations.

6.1.2

Assumptions

For this analysis, the following assumptions were made (in addition to the general
assumption in Chapter 5):

 The worst case arises when the tower is at the horizontal position
 A dynamic factor of 2 is applied to amplify load as specified in IEC61400-2 [4]

(g is multiplied by factor of 2)
 The combined weight of the wind turbine nacelle and rotor is 460 lbf [8]. It is

approximated as a point mass and inertia at the top of the tower.
 Gravity acts in the negative x-direction (coordinate as shown in the results)

69

6.1.3

Results

Stress and Deflection

In the absence of torsional load (moment around the beam axis), the B33 element
used in the tower does not output the shear stress, S12. Therefore, Mises stress,
S, M ises, is the same as S11 in magnitude. We looked at the axial stress, S11, for
this case. As shown in Figure 6.2, the maximum axial stress, S11, of the tower due
to the bending moment was about 36 ksi, giving factor of safety of 1.4 using the
material’s yield strength of 50 ksi. As shown in Figure 6.2, the maximum deflection
in the negative x-direction, U 1, was about 34 inches at the tower tip.

Section Force and Section Bending Moment

The section force, SF 1, is the axial force at the beam element nodes (1 denotes beam’s
axial direction in this case), and the section moment, SM 2, is the bending moment
with respect to beam’s local y-axis (2-axis, pointing out of the paper in this case).
They were reviewed at each section of the tower (Figure 6.3). The results were used
as the design loads for the specific components such as bolts, lugs, welds and flanges.
The largest bending moment was 1.2 × 106 in − lbf which was found just above the
strut attachment. This location also corresponds to the largest axial stress as seen in
Figure 6.2. The axial forces for the strut was about 17 kips in tension and 12.4 kips
for the ginpole in compression.
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Reaction Forces

The reaction forces were reviewed at the tower’s support locations: bearings and the
anchor plate. The results give design loads for the foundation and the anchor bolts.
For the tilt-up load case, the reaction forces, RF , were calculated as shown in Figure
6.4.
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Result Plots
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Figure 6.2: Axial Stress, S11 in psi (Top) and Deflection in x-direction, U 1 in inches
(Bottom) for Load Case: Installation
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Figure 6.3: Section Axial Force, SF 1 (top) in lbf , and Section Moment, SM 2 (bottom)
in in − lbf for Load Case: Installation (red line). Note that SM 2 is bending
moment with respect to beam’s local y-axis (2-axis, pointing out of the paper)
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Figure 6.4: Reaction Forces (RF ) for Load Case: Installation
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6.2
6.2.1

Load Case: Maximum Thrust and Gravity
Introduction

The 2100 lbf of maximum thrust calculated in Chapter 4 was determined to be
the worst load case for the tower among others considered. The thrust load was
applied in two directions, x-, and y-direction, as shown in Figure 6.5. The prevailing
wind direction is the x-direction. Although the probability of the maximum thrust
applied in the y-direction was low at this site, it was considered for the analysis. The
gravitational load was applied in the negative z-direction for the entire body as well.
The same general assumptions were applied as listed in Chapter 5 for this analysis.
z
T

X: Prevailing Wind
x Direction

T = 2100 lbf
y

T

Gravity

Figure 6.5: Load Case: 2k lbf Maximum Thrust
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6.2.2

Results for Thrust Load Applied to x-Direction

Stress and Deflection

For this load case, the results produced similar levels of stress and deflection as the
previous load case, the installation case. As shown in Figure 6.6, the maximum axial
stress of the tower was found to be little over 36 ksi which gives the factor of safety
of 1.4 on yield. The deflection at the tip was about 40 inches. The overall length
of the tower is 840 inches, so the deflection is small, accounting for only 4 % of the
overall tower length.

Section Axial Force and Section Bending Moment

The axial force and the bending moment of the tower were reviewed just as the
previous load case. The largest bending moment of was 1.12 × 106 in − lbf which was
found just above the strut attachment. The moment in this load case was a little bit
lower than the installation case. The axial force for the strut was about 10 kips in
compression, and 6.72 kips in tension for the strut. These results matched well with
the static hand caculations as shown in Appendix A.

Reaction Forces

At support locations, bearings (2X) and the anchor plate, the reaction forces were
calculated. The two bearing reaction forces were identical. For a bearing, the base
shear force (horizontal or x-direction) was 1050 lbf , and pull-out force (vertical or
z-direction) was 1500 lbf as shown in Figure 6.4. For the anchor plate, the total reactions were calculated to be about 7600 lbf in z-direction, which is compressive force
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applied to the foundation. The direction of the pull-out force and the compressive
force may be reversed for the wind blowing from the opposite direction.
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Figure 6.6: Axial Stress, S11 in psi and Deflection, U 1 in inches for Thrust Applied to
x-Direction
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Figure 6.7: Section Axial Force, SF 1 (left) in lbf , and Section Moment, SM 2 (right) in
in − lbf for Thrust Applied to x-Direction (red line). Note SM 2 is bending
moment with respect to beam’s local 2-axis (global y-axis, pointing in/out of
the paper)
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Figure 6.8: Reaction Forces, RF for Load Applied to x-Direction
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6.2.3

Results for Thrust Load Applied to y-Direction

Stress and Deflection

Figure 6.9 shows the axial stress, S11, and the corresponding deflection in the ydirection, U 2, of the tower. The maximum stress on the tower was about 38 ksi at
the lower part of the tower, and the largest deflection was about 69 inches at the
top of the tower. The stress distribution along the tower mast seems fairly uniform
due to the tapered cross-section. The resulted stress has the factor of safety of 1.3 to
yield, and the deflection is about 8% of the overall tower length.
As seen in Figure 6.11, a small amount of torsional loads, SM 3, were found on the
strut, ginpole and lower part of the tower for this load case (presumably due to
the hinge constraints imposed on the strut, ginpole and their attachment points of
the tower which are subjected to a slight rotation with respect to one of the “tied”
rotational axes). The resulting shear stress, S12, was small compared to the axial
stress, S11 (1.58 ksi Vs. 38 ksi). Therefore, it did not have a significant effect on
the overall combined stress, S, M ises as shown in Figure 6.12. Therefore, looking at
S11 instead of S, M ises is reasonable as well.

Section Axial Force and Section Bending Moment

There was no significant axial force contribution in the structure for this load case.
However, the bending moment on the tower was large. As shown in Figure 6.10, the
largest bending moment with respect to beam’s 1-axis (global x-axis) was 1.72 × 106
in − lbf at the base of tower mast. Note that the rainbow stick-measure in this plot
represents each beam’s local 1-axis.
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Reaction Forces

This load case produced the largest load at the main bearing support locations (Figure
6.10). The bearing located upwind of the tower induced the pull-out force of 27.5
kips while the other bearing induced 31.7 kips of compressive force and 2.1 kips of
the base shear force. The anchor plate had marginal reaction forces compared to the
one at the bearings.
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Figure 6.9: Axial Stress, S11 in psi (Left), and Deflection in y-direction, U 2 in inches
(Right), for Load Applied to y-Direction
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Figure 6.10: Section Bending Moment, SM 1 in in − lbf (Left) - Note SM 1 is bending
moment with respect to beam’s local 1-axis (global x-axis); Reaction Forces,
RF (Right) for Load Applied to y-Direction
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Figure 6.11: Torsional Moment with Respect to Local Beam’s Longitudinal Axis, SM 3,
in in − lbf (Left); Induced Shear Stress, S12, from SM 3 in psi (Right), at
Lower Section of Tower
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Figure 6.12: Comparison of Axial Stress, S11, in psi (Left), and Mises Stress, S, M ises
in psi (Right), at Lower Section of Tower
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6.3

Conclusion and Design Loads for Tower Components

The largest stress on the tower was approximately 38 ksi, which was induced from the
thrust applied to y-direction. For 50 ksi of material yield-strength, the stress level
produced the factor of safety of 1.3. The maximum deflection of 69 inches occurred
with the same load case. The maximum deflection was about 8 % of the overall tower
length which is 840 inches.

1. Mid-flange

2. Strut lug
3. Strut

4. Ginpole

z
x

5. Ginpole Lug

y

Figure 6.13: Key Locations for Mechanical Design Loads

The section forces and section moments at certain locations were reviewed for the
design of the specific mechanical components such as welded-joints, bolts, lugs, and
flanges. The locations of interest are shown in Figure 6.13, and the largest loads at
each location were compiled in order to use them as the design loads of the mechanical
components.
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The bending moment was the driver for the flange design (location 1 in Figure 6.13).
At the mid-flange (1), the maximum bending moment was found to be 9.1 × 105
in − lbf which was induced from the thrust load case.
Maximum tensile/compressive loads for the strut (3) were 17 kips; and 12.4 kips for
the ginpole (4). Both loads were found in the installation case. For the case where
thrust applied in y-direction, moment loads were predominant for the strut and the
ginpole as seen in Figure 6.14. These moment loads were used for the design loads
for the lugs (2, 5).
Printed using Abaqus/CAE on: Thu Jul 28 14:22:37 Pacific Daylight Time 2011

SM, SM1
(Avg: 75%)
+1.723e+04
+1.243e+04
+7.618e+03
+2.812e+03
−1.995e+03
−6.802e+03
−1.161e+04
−1.642e+04
−2.122e+04
−2.603e+04
−3.084e+04
−3.564e+04
−4.045e+04

SM, SM2
(Avg: 75%)
+6.414e+03
+5.027e+03
+3.641e+03
+2.255e+03
+8.693e+02
−5.168e+02
−1.903e+03
−3.289e+03
−4.675e+03
−6.061e+03
−7.447e+03
−8.833e+03
−1.022e+04

SM, SM3
(Avg: 75%)
+1.402e+04
+1.202e+04
+1.001e+04
+8.004e+03
+5.998e+03
+3.992e+03
+1.985e+03
−2.099e+01
−2.027e+03
−4.034e+03
−6.040e+03
−8.046e+03
−1.005e+04

Z
Y X

Z
Y X

2. Strut Lug

5. Ginpole Lug

Z
Y X

Figure 6.14: Moments on Strut and Ginpole, SM 1, SM 2, SM 3, in in − lbf Resulting
from Thrust in y-direction. SM 1: bending moment w.r.t beam’s local 1
axis. Blue-to-red stick is the beam’s local 1-axis; SM 2: bending moment
due to local 2-axis, in and out of paper or same as global y-axis; SM 3:
torsional moment around the beam’s longitudinal axis

The foundation loads were obtained by looking at the reaction forces for each load
case. The largest reaction forces were compiled, and summarized in Table 6.1. The
foundation and the anchor bolt should be able to withstand the listed loads.
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Table 6.1: Design Loads for Foundation Design Obatined from Static Analyses

Location

Design
Base Shear
Load (kips)

Design
Compressive or
pull-out
Load (kips)

Main Support
(Bearings)

4.5
31.7
from installation from thrust in y-dir.

Rear Support
(Anchor Plate)

-

7.6
from thrust in x-dir.
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Chapter 7
Dynamic Analyses of Wind
Turbine Tower

7.1
7.1.1

Natural Frequency Extraction
Introduction

A dynamic effect such as vibration can be a significant source of loads for a wind
turbine tower. The tower can be categorized by its dynamic characteristics: fundamental natural frequncy (fn1 ), and its relationship with the excitation frequencies
such as the rotor frequency (frotor ) or the blade passing frequency (fbp ). These are
denoted as 1p or np respectively in the literature and n is number of blades of the
rotor. frotor is the rotor’s rotation speed, and fbp is the number of blade times frotor .
This relationship is summarized in Table 7.1.
A tower should be designed so that its natural frequency (fn ) does not coincide with
the excitation frequencies such as frotor (1p) or fbp (np). Soft towers and soft-soft
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Table 7.1: Tower Category Depending on Its Fundamental Natural Frequency, fn1

Category
Soft-Soft Tower
Soft Tower
Stiff Tower

Relationship between fn1 and frotor , fbp
fn1 < frotor (1p)
frotor (1p) < fn1 < fbp (np)
fn1 > fbp (np)

towers may be excited during the start-up and shut-down. Stiff towers are desirable
but may not be cost-effective to build. Although not proven, some believe that softsoft towers attenuate the fatigue load better throughout the system [2]. Most large
turbines have soft towers.
The results of natural frequency extraction of wind turbine towers can be used to
determine the category of our wind turbine tower as specified in Table 7.1 and to
determine if the tower will be stable during operation. The result of this analysis
is also used in other dynamic analyses such as time-history (transient analysis) or
response spectrum analysis.

7.1.2

Theory

Abaqus performs eigenvalue extraction to calculate the natural frequency and corresponding mode shapes of a structure. The eigenvalue problem for the natural
frequencies of an undamped finite element model is to solve:

(−w2 M + K)φ = 0

(7.1)

where M is the mass matrix (symmetric, positive definite) of the structure, K is the
stiffness matrix, and φ is the eigenvector which is the mode of vibration (the effect of
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damping can be included by performing complex eigenvalue analysis).
Abaqus uses three numerical methods to solve the eigenvalue problem: Lanczos,
Automatic multilevel substructurng (AMS), and subspace iteration. According to the
Abaqus Analysis User’s Manual, the choice of solving mechanism has minimal impact
on the frequency extraction procedure except for the computational performance [19].
The Lanczo method, which has the most general capabilities, was chosen for the
analysis.

7.1.3

Results

For this analyses, all the applied loads (thrust, gravity) were ignored and the specified
boundary conditions were applied as mentioned in Chapter 5.
The plotted solution, specifically the displacement of the mode shape, was normalized to unity as shown in the subsequent figures. Table 7.2 summarizes the natural
frequencies (fn ) of the wind turbine and tower assembly. Only the first ten modes
were reported.
Our turbine’s design rotating speed is about 230 rpm (Table 1.1) which corresponds
to the rotor frequency, frotor (1p) of 3.83 Hz. The 1st mode of the tower is 0.584 Hz
which is less than the rotor frequency. Thus, the tower is categorized as a soft-soft
tower. frotor lies between 3rd and 4th mode of the tower natural frequency, avoiding
excitation of the tower’s natural mode of vibration during the normal operation. The
blade passing frequency, fbp (3p), is 11.5 Hz; it lies between 7th and 8th mode of
vibration. Thus, it avoids the excitation during the normal operation. However, the
tower may be temporarily excited as the turbine starts up or shuts down.
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Table 7.2: Natural Frequencoes of Wind Turbine Tower

Mode

fn (Hz)

Mode

fn (Hz)

1
2
3
4
5

0.584
0.834
2.805
4.673
4.959

6
7
8
9
10

6.378
8.125
13.898
14.083
15.609
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Figure 7.1: 1st Mode Shape of Wind Turbine Tower
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Figure 7.2: 2nd Mode Shape of Wind Turbine Tower

90

Printed using Abaqus/CAE on: Sat Jun 18 12:52:25 Pacific Daylight Time 2011

U, Magnitude
+1.000e+00
+9.167e−01
+8.333e−01
+7.500e−01
+6.667e−01
+5.833e−01
+5.000e−01
+4.167e−01
+3.333e−01
+2.500e−01
+1.667e−01
+8.333e−02
+0.000e+00

Z
X

Y

U, Resultant

Z

Step: freq_extract
Mode
3: Value = 310.62 Freq = 2.8050 (cycles/time)
Primary Var: U, Magnitude
Deformed Var: U Deformation Scale Factor: +8.520e+01

X

Y

Step: freq_extract
Mode
3: Value = 310.62
Symbol Var: U

Freq = 2.8050

(cycles/time)

Freq = 4.6733

(cycles/time)

Figure 7.3: 3rd Mode Shape of Wind Turbine Tower
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Figure 7.4: 4th Mode Shape of Wind Turbine Tower
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Figure 7.5: 5th Mode Shape of Wind Turbine Tower
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Figure 7.6: 6th Mode Shape of Wind Turbine Tower
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Figure 7.7: 7th Mode Shape of Wind Turbine Tower
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Figure 7.8: 8th Mode Shape of Wind Turbine Tower
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Figure 7.9: 9th Mode Shape of Wind Turbine Tower
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Figure 7.10: 10th Mode Shape of Wind Turbine Tower
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Chapter 8
Dynamic Analysis: Seismic
Analysis

8.1

Evaulating Seismic Risks

Evaluating seismic risk for a structure can be thought of as two parts. The first part
is evaluating the probability that a particular level of earthquake will happen at a
site where the wind turbine is built. The level of earthquake can be measured in
many ways but, in the context of seismic analysis, peak ground acceleration (PGA)
is relevant. The second part is assessing the likelihood that any structural damage
could happen from the anticipated earthquake.
For the first part, probabilistic seismic hazard assessment (PSHA) is commonly conducted. It is performed to obtain a statistical probability of a particular level of
earthquake at a specific location. According to a study performed by California Geographic Survey in 2002, it was found that the peak ground acceleration that has a 10
% probability of being exceeded in 50 years in California was about 0.8g (while Asia
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and Europe has 0.5g). A statistical model, Homogeneous Poisson Process (HPP) is
often used to get the probability of earthquake occurrence.
There are a number of Earth’s plates that form the Earth’s surface. Two of them
meet in the western California region: the Pacific Plate and the North American
Plate. The boundary between the two plates is the San Andreas Fault. It’s a master
fault of an intricate fault network that cut through rocks of the California coastal
region. Also, it is the source of many earthquakes in California. The site on which
the wind turbine is built has a close proximity to the fault. Thus, the seismic analysis
shall be performed to check the structural integrity of the wind turbine tower and to
prevent potential economic loss.
For the second part, assessing the structural risk, several methods of such assessments
are available. These include codified methods provided from building codes and wind
turbine design standards; and computer modeling such as one using the finite element
method. Both building codes and the wind turbine standards use similar methods,
a single degree of freedom (SDOF) frequency-domain analysis, for simplicity. A few
building codes and the wind turbine standards for the seismic analysis are listed as
follows:

 Building Code

– International Building Code (IBC)
– Uniform Building Code (UBC)
– American Society of Civil Engineers (ASCE)
 Wind Turbine Standard

– IEC 61400-1, Wind Turbines - Part 1: Design Requirements. (ANNEX C
and section 11.6)
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– RISO, Guideline for Design of Wind Turbines
– GL (Germanischer Lloyd), Guideline for the Certification of Wind Turbine

All three wind turbine guidelines suggest that there are few regions throughout the
world where seismic loads may drive the design. In all cases, seismic analysis is only
required in regions of high seismic hazard or as required by local authorities (building
codes). Building codes do not have seismic provisions specific to wind turbine towers.
Clearly, wind turbine tower structures are very different from traditional buildings.
However, they are often governed by the same seismic building codes such as the ones
mentioned.
The provisions for seismic requirements were developed from studying earthquake
effects from past events, and are mainly concerned with minimizing the loss of life
when the structure is subjected to the most intense earthquake possible in the life
of the structure. Some structural damage can be expected to occur as most building
codes allow inelastic energy dissipation in the structure. For example, local yielding
of the structure may be observed in the event of such an earthquake.
Simple static methods specified in the codes are based on the single-mode response
with simple corrections for including higher mode effects [20]. This method is acceptable for simple regular-shaped buildings. However, in order to capture the detailed
seismic behavior of the structure that is complex in shape, time history or response
spectrum analyses are the preferred methods. The finite element model which was
developed earlier was used to perform a response spectrum analysis and a transient
modal dynamic analysis (time-history). Both analyses were based on the modal
superposition method, and performed to assess the tower’s behavior under seismic
loading.
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8.2

Transient Response (Time-history) Analysis

For transient response (time-history) analysis, we calculated how a structure responds
to an arbitrary time-dependent loading. Two methods are commonly available for
performing this analysis using finite element methods: Direct integration method and
modal superposition method.

8.2.1

Direct Integration Vs. Modal Superposition Method

Direct Integration Method

The direct integration method is a step-by-step direct integration method. Equations
of motion of a structure are solved for a discretized time-interval using solutions of a
previous time step as an initial value. This gives the most accurate results compared
to many other modal based methods. It is used for both linear and non-linear analyses.

M D̈n + C Ḋn + KDn = Rn

(8.1)

where, n is integer corresponding to a time step, t (t = 1∆t, 2∆t, . . . ), Rn is a forcing
function at nth time step instance. Using a numerical scheme D, Ḋ, and D̈ are
calculated for each time, t. M is mass, C is damping, K is stiffness for the system.
The two common numerical methods to solve equations are the central difference
method, and the Newmark Method. The central difference method is based on the
finite difference formulas. It is good for wave propagation problems in which many
higher modes are excited. The Newmark Method is good for structural dynamics
under earthquake loading in which only the lower few modes are of importance.
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The direct integration method can be used for both linear and non-linear analyses.
It is used for systems that have non-symmetric stiffness, and complex damping (i.e.,
damping that is dependent on frequency, etc.) [19]. The downside of the direct
integration method, however, is that it requires more computational resources and
efforts when compared to the modal superposition method [19]. The analysis produces
a large number of output, which may require a large post-processing effort to conduct
all possible design checks as a function of time.

Modal Superposition Method

Modal equations of motion (transformed from physical equations of motion of a system (Equation 8.1)) are used for this method. Modal equations are a reduced form of
the equations of motion by expressing the displacement of the full physical system in
terms of a limited number of its vibration modes, especially lower frequency modes.
It results in a n-set of uncoupled equations of motion where n is same as number of
modes used in the transformation. It was emphasized that only the lowest few modes
need to be retained in the transformation. The transformed equation is:

w2 zi + c0 zi + zi = pi for mode i

(8.2)

where, w is the natural frequency of mode i, zi is modal (principal) coordinates, pi is
transformed modal time-dependent loads, and c0 is damping. Commonly, proportional
(Rayleigh) damping or modal damping is used; it will be explained in later section.
The transformed pi was the earthquake loads for our analysis. After each uncoupled
equation was solved, the solution was re-transformed to D, the physical degree of
freedom.
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The transient analysis using the modal superposition method has advantages over the
direct integration method because it requires less computational time and resources.
Therefore, it is a cost-effective option for performing linear or mildly nonlinear dynamic analyses (the principle of superposition is not valid for non-linear analysis)
[19]. Indeed, the response spectrum analysis, as explained in later sections, is also
based on the principle of the modal supoerpostion.

Abaqus’s Transient Modal Dynamic Analysis

In Abaqus, the transient analysis procedure is based on the theory of modal superposition. First, the structure’s natural frequencies and modes are calculated. Then,
a time-dependent loading is applied to the structure. The structure’s response is calculated based on a subset of extracted modes and as a function of time. As long as
the system is linear and is represented correctly by the modes being used, the method
is very accurate [19]. Using this analysis procedure, instantaneous stresses and deflections of the wind turbine tower were calculated for the duration of an earthquake
input.

8.2.2

Input

The first step of the analysis is to select the appropriate earthquake input and its
direction.

Source of Input

Network computing equipment is often subject to seismic assessment if installed in
an earthquake sensitive zone. Bell Communication Research (Bellcore) established a
100

test standard for their equipment to assess its structural integrity and functionality
during and after an earthquake. The standard is called Network Equipment-Building
System (NEBS) Requirements: Physical Protection (GR-63-Core, section 5) [21]. The
acceleration-time history waveform, VERTEQII, was used as the earthquake input
(Figure 8.1). The VERTEQII is a synthesized waveform from several typical earthquakes and for different buildings and site-soil conditions. Also, it was for structures
inside a building (our structure is the building effectively); it is somewhat conservative
as the maximum acceleration was 1.6g (typically less than 1g for CA as mentioned
before). This waveform with high accelerations was used for the transient dynamic
analysis of the tower.
Printed using Abaqus/CAE on: Thu Aug 26 15:18:23 Pacific Daylight Time 2010
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Figure 8.1: Zone 4 Earthquake Input from Bellcore Environmental Test Requirement:
Acceleration (in/s2 ) Vs. Time (seconds)

Direction

A well designed structure should be capable of equally resisting earthquake motion
from all possible directions. One option in existing design codes for buildings and
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bridges requires that the structure member be designed for 100 % of the prescribed
seismic forces in one direction and 30 or 40 % of the prescribed forces in the perpendicular direction. However, it is reasonable to assume that the motion that takes
place during an earthquake has one principal direction [22]. The 30/40 % rule does
not have theoretical basis. [22]
Using the finite element model developed, a transient modal dynamic analysis was
performed. The Bellcore input was applied in each of the two principal directions, x,
and y, assuming that the earthquake has one principle direction. The output of the
analysis was reviewed to find the maximum stresses in the structure.

8.2.3

About Damping

Choosing the right value of damping can be complicated and tricky. Some background
about damping and implementation methods in finite element analysis is reviewed in
this section.

What is Damping?

Damping describes the structure’s ability to dissipate energy. It causes the amplitude
of a free vibration to decay with time. Depending on the characteristics of damping,
a structure can be categorized as under-damped, over-damped and critically damped.
Critical damping (Ccr ) is a key to such characterization. Ccr is the amount of damping
which will cause a vibrating structure to reach an equilibrium state without any
oscillatory behavior. One can find the damping ratio for a given structure by test
measurement, which is the most accurate method. Some published data are available
as well for analysis, although careful thought has to be given for the choice of damping
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value. Certain mathematical models are available to implement damping in the finite
element analysis, and are explained below.

Typical Values of Damping

Various reference literature specify typical ranges of damping for a type of structure
and are summarized for review in Table 8.1.
Table 8.1: Typical Published Values of Damping for Different Type of Structures

Type of Structure

Range of Damping (% of Ccr )

Continuous Metal Structure
Jointed (bolted) Structure
Reinforced Concrete Structures
Small Diameter Piping Systems
Equipments, Large Diameter Pipes
Typical Building Codes
Wind Turbine Structures
Wind Turbine Structures
Wind Turbine Blade
Wind Turbine Shaft and Tower

2 to 4 [23]
4 to 7 [23]
4 to 7 [23]
1 to 2 [23]
2 to 3 [23]
5 [20]
0.5 to 5 (or more) [24]
1 [25]
3 [14]
5 [14]

For wind turbine specific structures, RISO reports that 3% for blades, 5% for shaft
and tower [14]. For seismic analysis based on SDOF response spectrum analysis, IEC
recommends use of 1% damping [25]. The Sandia Laboratory study reported that
the use of 0.5% to 5% or more for modeling wind turbines was commonly found in
literature. The ASCE Building Code uses 5% damping to generate the site-specific
design spectrum.
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Types of Damping and Sources

There are many factors and design details that affect damping. Common sources of
damping are said to be material and friction (the internal friction in the materials
and Coulomb friction in connections of the structure). However, the exact sources of
damping are complex, it is not easy to measure or represent mathematically, and it is
often not linear. Lower values of damping may occur when the structure undergoes
small deflections at low levels of stress. At higher levels of stress and larger vibration
amplitudes the damping may be at the upper end of the range given [23]. However,
damping in a structural problem is small enough that it can be idealized as viscous
damping regardless of the actual damping mechanism [26]. Viscous damping applies
a force to a structure proportional to velocity but oppositely directed (often seen as
term C Ẋ in x-direction).

Implementation of Viscous Damping in FEA

Viscous damping can be implemented in many ways in a finite element analysis
depending on the software, but two are commonly found: Proportional damping
(Rayleigh damping) and modal damping. They are explained briefly.

Rayleigh Damping

For a direct integration method, a physical damping mechanism such as a dashpot is
often used to introduce damping. For structural models that do not have such dissipation sources, general mechanisms of damping are introduced. The Rayleigh damping
model is one of them; it is also known as proportional damping. Although the model
may not be physically correct (infinite damping at ω = 0), it may be acceptable for
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general use of damping. This model uses two damping factors α and β to dampen
the lower mode (mass proportional damping) and higher mode (stiffness proportional
damping) respectively. From two sets or natural frequencies (ω) and damping (ξ), the
damping factors are obtained (Equation 8.3) and applied to formulate the damping
matrix, C. (Equation 8.4).

α
βωi
+
2ωi
2

(8.3)

C = αM + βK

(8.4)

ξi =

Modal Damping

For this method, an arbitrary diagonal damping matrix was assumed in the equationsof-motion of the multi-degrees of freedom system, uncoupling the equations for each
mode. Thus, the n-independent equations of motion are formulated. The equations
of motion simplify to ones similar to the SDOF system 8.5. One may use the same
damping ratio for all modes if so desired [26]. This method was used to specify damping for the seismic analyses performed. More information is given in the following
section.

Abaqus Damping Models

Several options for specifying damping for the modal superposition method in Abaqus
are available:

 Rayleigh damping
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 Composite modal damping
 Structural damping
 Fraction of critical damping

Fraction of critical damping, (modal damping as explained above) was chosen for the
seismic analysis. According to [19], the damping in each eigenmode can be specified
as a fraction of the critical damping for each mode.
CriticalDamping, ccr : As explained in the modal damping section, the modal equations are uncoupled by assuming the diagonal damping matrix, then the equation
of motion for one of the eigenmode of a system becomes like the one for the SDOF
system (Equation 8.5).

mq̈ + cq̇ + kq = 0

(8.5)

Here, q is modal amplitude, m is mass, c is damping and k is stiffness of a system.
The solution to Equation 8.7 is shown in Equation 8.6 below.

q = Aeλt

(8.6)

A is a constant, and λ is given as,
−c
±
λ=
2m

r

c2
k
+
2
4m
m

(8.7)

Setting the terms in the square root in Equation 8.7 to zero will yield critical damping,
√
ccr , and is found to be ccr = 2 mk. ccr is calculated for each mode; the specified
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fractional damping ratio is applied to each ccr to obtain damping for each modal
equation.

Damping Used for Seismic Analysis

The values of the damping in the published references (as shown in Table 8.1) are at
most approximate. Depending on the type of analysis, these may be acceptable or
not. It may be necessary to measure the actual damping ratio of the real structure
by experiment.
When damping is small, the damped natural frequency is almost the same as the
undamped natural frequency. But the amplitude of response of the structure near
resonance may be greatly affected by damping as seen in Figure 8.2.

Figure 8.2: Effect of Damping
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In other cases we may wish to calculate the response at or near resonance; that is the
response when the structure is excited at or near its natural frequency. In this case the
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analysis may be performed. If the result varies greatly, one may need to obtain the
damping

In most dynamic analysis work, published damping ratios are of sufficient accuracy since it
is rare to design structures that operate at or close to the resonant frequency. However,
experimentally.
published values should not be used blindly. Some attempt should be made to establish
their source and to make a qualitative judgement on which value, within the given range, is
applicable to the structure in question.

In the following seismic analyses, the damping ratio of 5% was used and applied to
If the analysis is such that published damping ratios can be used, it is a good idea to do a
sensitivity study, to assess the likely error resulting from inaccuracies in the assumed
107with values of damping spread over the range
damping ratio. Several runs should be made
given in the texts and the effect of this on the response assessed. If the response varies
greatly, this is an indication that the damping should be experimentally determined.

each mode using the Abaqus’s Fraction of critical damping (modal damping method).
Many published values suggest that 5% for the tower analysis is a good approximation
as shown in Table 8.1
The results of the transient dynamic analysis are presented after the response spectrum analysis section.

8.3
8.3.1

Response Spectrum Analysis
Introduction

A response spectrum analysis is commonly used to study the response of a structure
under seismic loading, especially in the preliminary design stage because of its simplicity. The term response here refers to a structure’s quantifiable physical behavior
such as displacement, velocity, or acceleration subject to a physical input such as
an earthquake. Unlike transient dynamic analysis, in a response spectrum analysis,
it only seeks the maximum response of the structure without regard to time as the
structure is subject to dynamic motion at fixed points [26]. Therefore, the maximum
response can be calculated with significantly less time and computational resources
compared to the transient analysis. But, the result is only an approximation. Many
building codes employ the response spectrum analysis for seismic analysis although
they use very simplified representation of building utilizing only a single degree of
freedom per floor.
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8.3.2

How Does It Work ?

Finding Maximum Response

According to [26], the response spectrum analysis seeks a maximum response of each
separate mode then combines the modal maxima in a way that would produce an
estimate of maximum response of the structure itself. First, a modal analysis is
performed to extract the undamped natural frequencies and modes. Using modal
equation (Equation 8.2), the modal displacement, zi (t), as a function of time is calculated for each mode i. Then, maximum of zi (t), zi,max , is picked for each mode i.
The maximum physical value of a degree of freedom j associated with mode i, δji ,
can be calculated using the following Equation 8.8.

δji = φji zi,max

(8.8)

The actual maximum physical value for a degree of freedom j, Dj then is found by
combining all the δji (maximum value from mode i) produced by each mode i. While
the maximum response of each mode is known, the relative phase of each mode is
unknown. So, a mode combination method is used. Several methods are available;
they are briefly conveyed in the following section.

Combining Maximum of Modes

The maximum physical displacement value due to a dynamic load for a particular
degree of freedom j, Dj,max is calculated by combining δj of each mode i. The
obvious and intuitive way is to add all the δj s produced by the different modes i
(for a particular degree of freedom j). This method is called a sum of absolute
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magnitude. This assumes that all the maxima for each mode i occurs at the same
time which results in an overly conservative estimate (the most conservative method).
Another well-known method is Square Root of the Sum of the Squares. This method
assumes that all the maximum modal values are statistically independent. For threedimensional structures in which large number of frequencies are almost identical, this
assumption is not justified [22]. A few methods of combining the modes are available
in the Abaqus and are summarized as follows:

 The absolute value method (sum of absolute magnitude)
 The square root of the sum of the squares method (SRSS)
 The ten-percent method
 The complete quadratic combination method (CQC)

The CQC method was chosen for combining modes. It is a fairly new method, formulated based on random vibration theories and has wide acceptance by many engineers
for seismic analysis. According to a case study that compared results obtained from
the absolute value method, the SRSS, and the CQC to the results from a time history
analysis (which is the most accurate method), the CQC method had the least amount
of difference [22]. Indeed, according to Abaqus [19], this method improves the estimation of the response of a structure that has closely spaced eigenvalues, which seems
to be our case. Also, Abaqus recommends the use of this method for asymmetric
buildings.
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8.3.3

Response Spectrum as Input Force

In the previous section, the essentials of response spectrum analysis was presented.
It uses the modal superposition method to find the maximum of each mode and
then combines the maxima using mode combination methods in order to obtain the
maximum physical response of the structure for a dynamic input. In this section, the
detailed input for the response spectrum analysis is discussed.
Response spectrum is a plot of maximum values of a structure’s responses, such as
displacement, velocity and acceleration versus natural frequency or period of a single
degree of freedom system; it can be used as an input for a response spectrum analysis.
Once the response spectrum for a certain forcing function is calculated, it does not
need to be recalculated regardless of the number or variety of multi-degrees of freedom
structures to which the forcing function is applied. Response spectra of single degree
of freedom are applicable to a multi-degree of freedom system by the same forcing
function.
In the context of seismic analysis, the response spectrum represents the earthquake
motion. Different types of response spectra are available. A Design spectrum is
a smooth spectrum which uses average of records from several actual earthquake
events rather than single particular earthquake record. It is a representative of many
earthquakes. A Site-modified design spectrum adds the effect of local soil condition
and distance to the nearest fault. A site-modified design spectrum was used as the
input for the response spectrum analysis of the tower assembly.
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Site-modified Design Spectrum

The United States Geological Survey (USGS) provides a software tool that calculates
site-specific response spectra for seismic analyses. It can create spectra per different
building code specifications and for a specific site accounting for soil conditions as
well as the distance to a closest fault. The software is called USGS Seismic Design
Maps and Tools for Engineers and can be found on their website. For this analysis,
site-modified response spectra per ASCE 7 Standard, Minimum Design Loads for
Buildings and Other Structures were calculated and used as inputs for the response
spectrum analyses.
The basis of ASCE-7 spectral acceleration resulted from an earthquake corresponding to a return-period of 2500 years (uniform likelihood of exceedence of 2% in 50
years). This is called Maximum Considered Earthquake (MCE). ASCE-7 defines the
maximum considered earthquake ground motion in terms of the mapped values of the
spectral response acceleration at short periods, Ss , and at 1 second, S1 , for site-class
B, soft rock. These values may be obtained directly from the map published by USGS
[20].
There are six site-classes in the ASCE 7 standard. They are based on the average
properties of the upper 100 f t of soil profile. A brief summary and description for
each class are given in Table 8.2. As mentioned, the site-class B is used as a baseline.
According to the geotechnical survey for Cal Poly’s wind turbine site, the site-class
D represents the location’s soil condition well.
The response spectra calculated by the USGS software are shown in Figure 8.3 assuming damping of 5%. First, MCE for the wind turbine site was calculated assuming
site class B (blue dash-dotted line). The location of the wind turbine site was input
by specifying the latitude and longitude. The actual site class is D which gives site
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Table 8.2: ASCE 7 Site Classification

Site Class
A
B
C
D
E
F

Site Description
Hard Rock
Rock
Very dense soil and soft rock
Stiff soil
Soil
Soils requiring site-specific evaluation:
Clays and soils vulnerable to potential failure

Figure 8.3: Response Spectra per ASCE-7 using USGS software: Blue, dash-dotted line
= MCE Spectrum for Site-class B; Red, solid line = Site-Modified (D) MCE
Spectrum; Green, dashed line = Site-modified Design Spectrum

coefficients of Fa = 1.05, Fv = 1.538. These coefficients scale the MCE for site class
B for site class D (red, solid line). The site-modified design spectrum, then, is calculated by scaling the response of site-modified MCE spectrum (red, solid line) by 2/3
(green, dashed line).
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8.4

Results of Analyses

As an initial seismic analysis study, the response spectrum analysis was performed
using the inputs that are representative of many earthquakes. It was a convenient and
quick method to check the response of the tower. The inputs for the analysis are the
earthquake acceleration spectra created using methods specified in the building code
ASCE-7 (Figure 8.3). After the initial study, the tower was subjected to a more severe
earthquake input (Bellcore zone-4 as shown in Figure 8.1) and transient dynamic
analysis was performed. Although computationally more costly, this method allowed
us to study the response of the tower at each time step as the earthquake progressed.
The entire time history was reviewed to find maximum stress and displacement.

8.4.1

Result of Response Spectrum Analysis

First, the response spectrum analysis was performed using the site-modified design
spectrum and then using the site-modified MCE spectrum as inputs in Abaqus. The
inputs are shown in Figure 8.3 and discussed in the previous section. The results such
as stress, S, and displacement, U , for the response spectrum analysis were reviewed.
It should be noted that the results in the response spectrum analysis represent the
peak magnitude of the output variable.

Using Site-modified Design Spectrum

The site-modified design spectrum in Figure 8.3 was applied in the x-, and y-directions
for the analysis. For both cases, the stress level was very low compared to that of the
static load cases: installation and 2k-thrust loading.
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When the tower was excited in the x-direction, the large contribution of the second
mode of the tower (Figure 7.4) was seen as shown in Figure 8.6. The maximum stress
was found just above the strut attachment and it was approximately 6.75 ksi. The
maximum deflection was about 7 inches at the top of the tower. The contribution
of the fourth mode was observed as well on the strut inducing the bending induced
stress on the strut.
When the tower was excited in the y-direction, the first mode contributed largely in
the response of the tower as shown in Figure 8.7. The maximum stress was about 7
ksi near the bottom of the tower and the maximum deflection was about 11 inches
at the top of the tower.
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Figure 8.4: Response Spectrum Analysis Results for Site-modified Design Spectrum Applied in x-direction: Axial stress, S11, in psi (Left); x-direction Displacement
U 1, in inches (Right)
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Figure 8.5: Response Spectrum Analysis Results for Site-modified Design Spectrum Applied in y-direction: Axial stress, S11, in psi (Left); y-direction Displacement
U 2, in inches (Right)
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Using Site-modified MCE Spectrum

As mentioned earlier, the MCE spectrum represents a maximum earthquake that has
2 % probability of occurrence in 50 years. It has a higher acceleration level than the
site-modified design spectrum (Recall that the design spectrum is a scaled version of
the MCE spectrum). The MCE spectrum was applied in the x- and y-directions to
see the structure’s stress level and deflections. As in the previous case, even with the
higher acceleration, the stress level was still low compared to that of the static load
cases.
The tower’s response was similar to the previous case but with higher stress level and
deflection. For the earthquake applied in x-direction, the maximum stress was still
acceptable which was approximately 10.1 ksi, and the deflection was approximately
10.5 inches (Figure 8.6). For the y-direction, the maximum stress was about 10.5 ksi
and 16.6 inches of deflection (Figure 8.7).
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Figure 8.6: Response Spectrum Analysis Results for Site-modified MCE Spectrum Applied in x-direction: Axial stress, S11, in psi (Left), x-direction Displacement,
U 1, in inches (Right)
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+5.245e+03
+4.371e+03
+3.496e+03
+2.622e+03
+1.748e+03
+8.741e+02
+5.479e−04

Z

Z
X

X

Y

Y

Figure 8.7: Response Spectrum Analysis Results for Site-modified MCE Spectrum Applied in y-direction: Axial stress, S11, in psi (Left), y-direction Displacement,
U 2, in inches (Right)
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8.4.2

Result of Transient Modal Dynamic Analysis

The Bellcore’s earthquake input (Figure 8.1) was applied in the x- and y-direction.
It has a higher acceleration level than the ASCE’s acceleration inputs used in the
response spectrum analysis. The stress and deflection of the tower were calculated
at each time step of the input, which was 0.005 seconds. With the time step, it
resulted in 6000 time steps. The computational time and effort, therefore, was great
in finding the maximum stress and deflection. All 6000 solutions were reviewed to
find the maximum stress and the corresponding deflection.
The maximum stress was approximately 17.1 ksi with maximum deflection of 14.2
inches when the input was applied in the x-direction (Figure 8.8). The result was
similar to that of the response spectrum analysis (x-direction) in that the second
and the fourth mode were the main contributors of the structure response. For the ydirection, the maximum stress was about 20 ksi, and about 7 inches for the deflection
(Figure 8.9). The stress level was far below the yield strength of the tower, and, again,
far below the stress levels of the static analyses performed.
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Printed using Abaqus/CAE on: Mon Aug 01 14:52:36 Pacific Daylight Time 2011
S, S11
Envelope (max abs)
(Avg: 75%)
+1.707e+04
+1.565e+04
+1.423e+04
+1.280e+04
+1.138e+04
+9.958e+03
+8.535e+03
+7.113e+03
+5.690e+03
+4.268e+03
+2.845e+03
+1.423e+03
+4.805e−04

U, U1
+1.102e+00
−1.727e−01
−1.448e+00
−2.723e+00
−3.998e+00
−5.273e+00
−6.548e+00
−7.823e+00
−9.098e+00
−1.037e+01
−1.165e+01
−1.292e+01
−1.420e+01

Z
Y

Z
Y

X

X

Figure 8.8: Transient Dynamic Analysis Results Earthquake load Applied in x-direction:
Axial stress, S11, in psi (Left); x-direction Displacement, U 1, in inches
(Right)

Printed using Abaqus/CAE on: Mon Aug 01 14:13:23 Pacific Daylight Time 2011
U, U2
+2.974e+00
+2.140e+00
+1.306e+00
+4.714e−01
−3.628e−01
−1.197e+00
−2.031e+00
−2.866e+00
−3.700e+00
−4.534e+00
−5.368e+00
−6.203e+00
−7.037e+00

S, S11
Envelope (max abs)
(Avg: 75%)
+2.006e+04
+1.839e+04
+1.672e+04
+1.505e+04
+1.338e+04
+1.170e+04
+1.003e+04
+8.360e+03
+6.688e+03
+5.016e+03
+3.344e+03
+1.672e+03
+8.282e−04

Z

Z
X

X

Y

Y

Figure 8.9: Transient Dynamic Analysis Results Earthquake load Applied in y-direction:
Mises stress, S, M ises, in psi (Left); x-direction Displacement, U 2, in inches
(Right)
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8.5

Conclusion

The response spectrum analysis and the transient dynamic analysis were performed
in order to check the structureal integrity the tower assembly for earthquake loads.
The wind turbine tower can easily survive the earthquake specified by the ASCE
which accounts for the local soil conditions and the distance from the fault line.
Furthermore, the tower can survive the earthquake specified by Bellcore, which has a
much higher acceleration level. The highest stress level seen from the seismic analysis
was 20 ksi from the transient dynamic analysis which used Bellcore earthquake as an
input. As the results presented, the response of the structure is not nearly as severe
as the installation and wind load cases considered in the static analyses, therefore the
seismic load is not the driving load for the design.
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Chapter 9
Conclusion

9.1

Analyses Results

The structural analyses of the tower for Cal Poly’s 3 kW wind turbine tower was
performed using the finite element method. Cal Poly’s tower is a “tilt-up” tower
making access to the wind turbine (a nacelle and a rotor assembly) easier. Abaqus was
used for the finite element analyses. A simplified finite element model that represented
the wind turbine system was created using beam, shell and inertia elements for the
analysis.
For the static analysis, the 2100 lbf thrust load from the worst wind-condition was
applied at the top of the tower. The installation case was also simulated by applying
the dynamic factor of 2 to the gravitational constant, g, on the tower which is on the
horizontal position. The tower mast can withstand both load cases with some factor
of safety before yielding.
The dynamic analysis comprised of the frequency extraction, and the seismic analysis.
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The natural frequencies and the mode shapes of the tower were calculated first. The
natural frequencies of the tower (with the wind turbine attached) were not aligned
with the possible excitation frequencies such as the rotor frequency or the blade
passing frequencies during the normal operation. Therefore, undesirable dynamic
excitations were avoided. However, when the turbine starts up or slows down to/from
the operating speed, the tower may be excited temporarily.
The results of the modal analysis were also used in the seismic analysis. For the
seismic analysis, the response spectrum analysis and the transient dynamic analysis
were performed which are based on the modal superposition method. The ASCE’s
design and MCE acceleration spectrum were considered as the input for the response
spectrum analysis which are modified for the installation site accounting for the soil
condition and the distance from the fault line. The Bellcore’s zone-4 earthquake
input was used as the input for the transient dynamic analysis which represents more
severe earthquakes than the ASCE inputs. The resulting stress level was still far less
than that of the static cases. Therefore, the static cases were the driver for the other
mechanical component designs.
From the results of the finite element analysis presented, it can be concluded that the
wind turbine tower can withstand both static and dynamic loads considered.

9.2
9.2.1

Future Work
Load Verification

Measuring the loads on the tower using strain gages is recommended in order to
verify the finite element model and to obtain load data for fatigue analyses. I suggest
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placing strain gages at the location specified in Figure 9.1. The specified locations
are suspected to be the high stress areas. The strain gages should be placed around
the tower tube so that axial loads, and the torsional load can be determined. The
torsional loads will be useful when the thrust is applied in the y-direction. The tower
model predicted that some amount of torsional moment exists on strut, ginpole and
the lower part of the tower for the load condition. The time-varying loads need to
be recorded with the wind speed and direction in order to establish the relationship
between them. Therefore, the data need to have the values of stains, the wind speed,
and the wind direction along with a time stamp.

x

Near mid-flange
Just above
strut attachment
Strut

Ginpole

z
x

Just above gusset

y
Figure 9.1: Recommended Strain-gage Location for Load Measurements
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9.2.2

Improvement on Finite Element Model

In the dynamic analysis, damping is an important factor to a structure’s response. A
further study on the damping could be beneficial to determine the realistic damping
value for the tower. The realistic damping values and modeling techniques would
increase the accuracy of the analysis results.
The soil has a large influence on the structure’s natural frequencies. Further improvement can be made on the finite element model of the wind turbine tower by including
the effect of soil and the foundation in the model. It is called the soil-structure interaction (SSI). It is modeled using the spring, damper element at the foundation-soil
interface; and the mass of the foundation and part of soil are also included assuming
that the soil moves in phase with the foundation [27]. Additionally, inclusion of a
simple finite element model that represents the wind turbine using the beam elements
could help improve the finite element model too.
Various mechanical components were analyzed using the classical design and the
strength of material methods. The calculations are attached as a reference in the
appendix that follows. The contents of appendices are summarized as follows:

 Appendix A: Mechanical Component Analysis

1. Strength analysis of bearings
2. Strength analysis of ginpole and strut
3. Strength analysis of various lugs, bearings, and welds
 Appendix B: Bolt Sizing
 Appendix C: Strength Analysis of Flange Welds
 Appendix D: Finite Element Analysis of Mid-Flange
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 Appendix E: Cable Load for Installation
 Appendix F: Anchor Bolt Analysis
 Appendix G: Foundation Plans and Drawings
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Appendix A
Mechanical Component Analysis
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4:24 PM

Bearing Block Calculation ‐ Bearing
Lug, Plate and Welds around the
block
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Ginpole and Strut Analysis
Sunday, January 10, 2010
6:48 PM
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Anchor Plate Analysis
Wednesday, January 13, 2010
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Appendix B
Bolt Sizing
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MAX THRUST
2000LBF

12.000

A: TOP FLANGE

B: MID FLANGE
24.5 IN
C.G.
WT=4600LBF
INCLUDING TURBINE
C: STRUT TO TOWER

845 IN
382.4 IN
E: STRUT TO
GINPOLE

E: GINPOLE TO TOWER
F: GINPOLE TO
REAR ANCHOR (2X)
SIZE

A

DWG. NO.

SCALE:1:192

WEIGHT:

REV.

BOLTS
SHEET 1 OF 1

2k thrust:
tilt‐up:

Bolt Stress
Load Case
(induces
maximum
Load)
2k thrust
2k thrust
tilt‐up
tilt‐up
tilt‐up
tilt‐up
1.5
17
0 (lug)
0 (lug)
0 (lug)
0 (lug)

Tensile Load
(kips)
0.25
0.13
21.40
20.46
21.40
17.74

Shear Load
(kips)

Location
A: Top Flange (bolt group analysis)
B: Mid Flange (bolt group analysis)
C: Strut to Tower (single)
D: Ginpole to Tower (single)
E: Strut‐Ginpole (single)
F: Ginpole to Rear Anchor (bolt group)

Hardware List

0.375
0.5
1
1
1
1

55.04 (Mises)
119.8
19.42
18.57
19.42
16.10

Stress (ksi)

Quantity
8
16
1
1
1
2

Grade 5 (85/92/120)
ASTM A490 type 3 (120/130/150)
ASTM A325 type 3 (85/92/120)
ASTM A325 type 3 (85/92/120)
ASTM A325 type 3 (85/92/120)
ASTM A325 type 3 (85/92/120)

Bolt Material
(proof/yeild/untimate strength,
ksi)
1.5
1.25 to ultimate
4.4
4.6
4.4
5.3

2.53
190
6.72
672
21.5
4300
21.5
4300
21.5
4300
21.5
4300
* Preloaded to
80% of yeild strength
of bolt material

Factor of Safety
Torque (in‐
(to Proof
Fi (kips)*
lbf)
Strength)

** From AISC, Guide to Design Criteria for Bolted and Riveted Joints, Second Edition
Nuts for A325 bolts must be heavy hex and are required to meet ASTM
finish, should be used. For bolt Types 1 and 2, galvanized, nut grade DH,
galvanized, is required. Nut grade C3 is to be used with bolt Type 3. Grades 2 and
2H nuts, as specified in ASTM A194, and grades D and DH nuts, as specified in
ASTM A563, are acceptable alternatives for grade C nuts. Grade 2H nuts (ASTM
A194) are an acceptable alternative for grade DH nuts, and type DH3 nuts can be
used in place of C3 nuts.
Heavy hex nuts are also required for A490 bolts. Grade DH heavy hex nuts
shall be furnished for use with Type 1 and 2 bolts, but grade 2H heavy hex nuts
(ASTM A194) are also acceptable. Type 3 A490 bolts require grade DH3 (ASTM
A563) heavy hex nuts.

Nut**
Not through
Heavy Hex (ASTM A563) Grade DH3
Heavy Hex (ASTM A563) Grade C3
Heavy Hex (ASTM A563) Grade C3
Heavy Hex (ASTM A563) Grade C3
Heavy Hex (ASTM A563) Grade C3

1.5 (check w/ Jim)
1.5
2.25
2.25
1.75
1.5 (check w/ Jim)

Nominal Bolt
Joint Thickness (in)
Diameter (in)

Bolt
3/8"‐16 UNC X 2 1/4" SAE GRADE 5
1/2"‐20 UNF X 2 1/4" ASTM A490 Type 3
1"‐8 UNC X 3 3/4" ASTM A325 Type 3
1"‐8 UNC X 3 3/4" ASTM A325 Type 3
1"‐8 UNC X 3 1/4" ASTM A325 Type 3
1"‐8 UNC X 3" ASTM A325 Type 3

2000 lbf thrust is applied to the wind turbine (71‐ft above ground)
case where the tower is pulled by a cable
Factor of safety (dynamic effect) of 2 is included in the load

A: Top Flange (bolt group analysis)
B: Mid Flange (bolt group analysis)
C: Strut to Tower (single)
D: Ginpole to Tower (single)
E: Strut‐Ginpole (single)
F: Ginpole to Rear Anchor (bolt group)

Location

Bolt Sizing for Wind Turbine Tower

'"BOLTGRP.xls" Program
Version 2.6

BOLT GROUP ANALYSIS
Using the Elastic Method for up to 25 Total Bolts
Job Name: Top-flange Bolt
Job Number:

Subject: Wind Turbine Tower
Originator:
Checker:

Input Data:

#1:
#2:
#3:
#4:
#5:
#6:
#7:
#8:

Results:
Bolt Reactions (k)
Axial Rz
Shear Rh
0.00
0.25
1.05
0.25
1.49
0.25
1.05
0.25
0.00
0.25
-1.05
0.25
-1.49
0.25
-1.05
0.25

BOLT GROUP PLOT

30.0

25.0

20.0

Y - AXIS (in.)

Number of Bolts, Nb =
8
Bolt Coordinates:
Xo (in.)
Yo (in.)
#1:
8.080
4.040
#2:
6.897
6.897
#3:
4.040
8.080
#4:
1.183
6.897
#5:
0.000
4.040
#6:
1.183
1.183
#7:
4.040
0.000
#8:
6.897
1.183

15.0

10.0

5.0

0.0
0.0

2.0

4.0

6.0

8.0

10.0

12.0

X - AXIS (in.)

Bolt Group Properties:
Xc =
4.040 in.
Yc =
4.040 in.
Ix =
65.29 in.^2
Iy =
65.29 in.^2
J = 130.57 in.^2
Ixy =
0.00
in.^2
=
0.000 deg.
No. of Load Points, N =

 Loads @ C.G. of Bolt Group:
 Pz =
0.00
kips
 Px =
kips
0.00
 Py =
kips
2.00
 Mx = -24.00 in-k
 My =
in-k
0.00
 Mz =
in-k
0.00

1

Load Point Data: Point #1
X-Coordinate (in.) =
4.040
Y-Coordinate (in.) =
4.040
Z-Coordinate (in.) = 12.000
Axial Load, Pz (k) =
0.00
Shear Load, Px (k) =
0.00
Shear Load, Py (k) =
2.00
Moment, Mx (in-k) =
0.00
Moment, My (in-k) =
0.00
Moment, Mz (in-k) =
0.00

Bolt Reaction Summary:
kips
Rz(max) =
1.49
kips
Rz(min) =
-1.49
Rh(max) =
0.25
kips

1 of 1

9/22/2010 1:53 PM

'"BOLTGRP.xls" Program
Version 2.6

BOLT GROUP ANALYSIS
Using the Elastic Method for up to 25 Total Bolts
Job Name: Mid-flange Bolt
Job Number:

Subject: Wind Turbine Tower
Originator:
Checker:

Input Data:

#1:
#2:
#3:
#4:
#5:
#6:
#7:
#8:
#9:
#10:
#11:
#12:
#13:
#14:
#15:
#16:

Results:
Bolt Reactions (k)
Axial Rz
Shear Rh
0.00
0.13
6.46
0.13
11.93
0.13
15.59
0.13
16.87
0.13
15.59
0.13
11.93
0.13
6.46
0.13
0.00
0.13
-6.46
0.13
-11.93
0.13
-15.59
0.13
-16.88
0.13
-15.59
0.13
-11.93
0.13
-6.46
0.13

BOLT GROUP PLOT

30.0

25.0

20.0

Y - AXIS (in.)

Number of Bolts, Nb =
16
Bolt Coordinates:
Xo (in.)
Yo (in.)
#1:
12.800
6.400
#2:
12.313
8.849
#3:
10.925
10.925
#4:
8.849
12.313
#5:
6.400
12.800
#6:
3.951
12.313
#7:
1.875
10.925
#8:
0.487
8.849
#9:
0.000
6.400
#10:
0.487
3.951
#11:
1.875
1.875
#12:
3.951
0.487
#13:
6.400
0.000
#14:
8.849
0.487
#15:
10.925
1.875
#16:
12.313
3.951

15.0

10.0

5.0

0.0
0.0

5.0

10.0

15.0

X - AXIS (in.)

Bolt Group Properties:
Xc =
6.400 in.
Yc =
6.400 in.
Ix = 327.68 in.^2
Iy = 327.68 in.^2
J = 655.36 in.^2
Ixy =
0.00
in.^2
=
0.000 deg.
No. of Load Points, N =

 Loads @ C.G. of Bolt Group:
 Pz =
0.00
kips
 Px =
kips
0.00
 Py =
kips
2.00
 Mx = -864.00 in-k
 My =
in-k
0.00
 Mz =
in-k
0.00

1

Load Point Data: Point #1
X-Coordinate (in.) =
6.400
Y-Coordinate (in.) =
6.400
Z-Coordinate (in.) = 432.000
Axial Load, Pz (k) =
0.00
Shear Load, Px (k) =
0.00
Shear Load, Py (k) =
2.00
Moment, Mx (in-k) =
0.00
Moment, My (in-k) =
0.00
Moment, Mz (in-k) =
0.00

Bolt Reaction Summary:
Rz(max) =
16.87 kips
Rz(min) = -16.88 kips
Rh(max) =
0.13
kips

1 of 1

9/22/2010 1:34 PM

'"BOLTGRP.xls" Program
Version 2.6

BOLT GROUP ANALYSIS
Using the Elastic Method for up to 25 Total Bolts
Job Name: gin pole plate
Job Number:

Subject: Wind Turbine Tower
Originator:
Checker:

Input Data:
Number of Bolts, Nb =
2
Bolt Coordinates:
Xo (in.)
Yo (in.)
#1:
0.000
0.000
#2:
13.700
0.000

#1:
#2:

Results:
Bolt Reactions (k)
Axial Rz
Shear Rh
0.00
3.76
0.00
8.87

BOLT GROUP PLOT

30.0

25.0

Y - AXIS (in.)

20.0

15.0

10.0

5.0

0.0
0.0

5.0

10.0

15.0

X - AXIS (in.)

Bolt Group Properties:
Xc =
6.850 in.
Yc =
0.000 in.
Ix =
0.00
in.^2
Iy =
93.84 in.^2
J=
93.84 in.^2
Ixy =
0.00
in.^2
=
0.000 deg.
No. of Load Points, N =

 Loads @ C.G. of Bolt Group:
 Pz =
0.00
kips
 Px =
kips
-7.52
 Py =
kips
8.03
 Mx =
0.00
in-k
 My =
in-k
0.00
 Mz =
55.09 in-k

1

Load Point Data: Point #1
X-Coordinate (in.) =
0.000
Y-Coordinate (in.) = 14.640
Z-Coordinate (in.) =
0.000
Axial Load, Pz (k) =
0.00
Shear Load, Px (k) =
-7.52
Shear Load, Py (k) =
8.03
Moment, Mx (in-k) =
0.00
Moment, My (in-k) =
0.00
Moment, Mz (in-k) =
0.00

Bolt Reaction Summary:
kips
Rz(max) =
0.00
kips
Rz(min) =
0.00
Rh(max) =
8.87
kips

1 of 1

9/29/2010 11:34 AM

Top Flange ‐ Sample
Bolt Calc
Wednesday, September 29, 2010
1:18 PM
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Shear Joints ‐ Sample Bolt Calc.
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2:22 PM
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Appendix C
Strength Analysis of Flange Welds
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Welds Calculation for New Flange Design
Monday, May 31, 2010
5:46 PM

Mechanical Properties

ASTM A572 Grade 5 ASTM A36 HR

Ultimate Tensile Strength 65.3 Ksi

58‐79 Ksi

Yield Tensile Strength

36.3 Ksi

50.0 Ksi

Poisson's Ratio

0.26

0.26

Young's Modulus

29.2 Msi

29.0 Msi

Shear Modulus

11.6 Msi

11.5 Msi

Bulk Modulus

20.3 Msi

20.3 Msi

Elongation at break

21%

20‐23%

Density

0.284 lbm/in^3

0.284 lbm/in^3

Pasted from <file:///C:\Users\Tom\Desktop\Thesis%20stuffs\References\A572%
20and%20A36%20Steel%20Properties.xlsx>
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Pasted from <file:///C:\Users\Tom\Desktop\Thesis%20stuffs\References\A572%
20and%20A36%20Steel%20Properties.xlsx>

"The permissible stresses are now yield strength instead of the ultimate strength, the AISC code permits
the use of variety of ASTM structural steels….. Provided the load is same, the code permits the same

Welds, Bolts Page 2

stress in the weld metal as in the parent metal.
For these ASTM steels, Sy=0.5Su." ‐ Shigley Mechanical Engineering Design, Chapter 9 ‐5 strength of
welded joints
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Appendix D
Finite Element Analysis of
Mid-Flange

For bolted flanges, hub stress adjacent to a flange ring is usually the largest stress. So,
it is the main concern for flange design [28]. An axis-symmetric flange was modeled
in Abaqus to perform a stress analysis on the mid-flange subject to a maximum bolt
load, 17 kips (from the 2k-thrust load).

D.1

Model

The key features of the flange model are summarized as follows:

 Modeling method: Axis-symmetric analysis
 Included Parts: section of a flange; the adjacent section of the tower mast; and

welds between them
 Elements: Axis-symmetric elements (for all parts)
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 Kinematic Constraints: Tie (between welds and all other parts)
 Materials: ASTM A572 steel, both elastic and plastic material properties were

included in the model (non-linear analysis)
 Boundary Conditions: U 2 = 0 (global y-direction). It is shown as orange

triangles in Figure D.1. It simulated a bolt holding down the flange.
 Loads: A bending moment applied to the flange induces a different reaction

load at each bolt. 17 kips was the largest bolt load found. It was assumed that
the largest bolt load was applied equally around the flange. The equivalent load
was calculated as a pressure load, and applied on the tower mast as shown in
Figure D.1

D.2

Results

Mises stress, S, M ises, and the deflection in the y-direction, U 2, were reviewed from
the results. As predicted, the highest stress was found at the hub adjacent to the
flange ring. The stress was a little over 50 ksi, which was just above the material’s
yield point.
The material at the hub with the highest bolt load (17 ksi) may yield locally, but it
should be fine. It is often presumed that the calculated values exceeding the elastic
limit must necessarily be dangerous. However, it may be misleading since it ignores
the effect of stress redistribution, and material ductility [28]. In the analysis, we
were looking at a section that had the highest load. In reality, the stress would be
re-distributed to adjacent locations which have lower loads.
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Printed using Abaqus/CAE on: Tue Aug 02 17:22:56 Pacific Daylight Time 2011
Pressure Load: max bolt load x 16 bolts / area
= 23988 psi

S, Mises
(Avg: 75%)
+5.015e+04
+4.608e+04
+4.200e+04
+3.793e+04
+3.385e+04
+2.978e+04
+2.570e+04
+2.163e+04
+1.755e+04
+1.347e+04
+9.399e+03
+5.324e+03
+1.249e+03

Tie

U, U2
+1.956e−02
+1.775e−02
+1.594e−02
+1.414e−02
+1.233e−02
+1.052e−02
+8.713e−03
+6.905e−03
+5.097e−03
+3.289e−03
+1.481e−03
−3.273e−04
−2.135e−03

Tie
Y

Y
Z

Z

X

X

Figure D.1: Result of Finite Element Analysis of Mid-flange: Equivalent Stress, S, M ises,
in psi (Left); Deflection in y-direction, U 2, in inches (Right)
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Appendix E
Cable Load for Installation
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Friday, December 04, 2009
12:01 PM

Tower Cable
Tension

FE Model Page 1

FE Model Page 2

Static Load to Hold Tower
Monday, January 18, 2010
7:08 PM

T = 280 lbf
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Appendix F
Anchor Bolt Analysis
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Anchor Bolt Design
Thursday, September 02, 2010
11:35 AM

Loads for static Page 1

Loads for static Page 2

Loads for static Page 3
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Appendix G
Foundation Plans and Drawings

168

A

B

C

D

8

7

7

37.5

FRONT SUPPORT PILE
(UPWIND)

5" ABOVE GROUND

8

6.0

18.0

REAR SUPPORT PILE
(DOWNWIND)

NORTH

3

8" ANCHOR HOLES (2X)

6

5

4

3

B

SIZE

2

26.0

DRILL 6.5 FEET
FROM SURFACE
FOR ANCHOR
INSTALLATION
6.5

EXPANDING
ANCHORS (2X)

HUBBELL-CHANCE
"BUST" EXPANDING ANCHOR
88135 WITH PS6417 ROD (2X)
GROUND
3.2 AVERAGE SLOPE

CL

45°

6.5

DRILL 6.5 FEET
FROM THE SURFACE
AT 45 ANGLE FOR
ANCHOR INSTALLATION

1

UNIT: FEET

2

SCALE: 1:256

1

SHEET 1 OF 1

FOUNDATION LAYOUT

NOTES:
1. ALL UNITS ARE FEET UNLESS OTHERWISE SPECIFIED
2. SEE ATTACHEDHUBBEL-CHANCE CATALOG FOR MORE INFORMATION ON EXPANDING ANCHORS AND RODS

5" ABOVE GROUND

11" APPROXIMATE

4

ALL SUPPORT PILES AND ANCHORS LIE ON THIS CENTERLINE

74.5

WEST (TOWARDS MORRO ROCK)

5

TOWER BASE GPS COORDINATES
35 21' 7.52" N
MAIN PILES (2X)
120 43' 33.49" W

5" ABOVE GROUND

MAIN PAD

6

A

B

C

D

PAD

5

MAIN PILE (2X)

5.0

MAIN PILES EXTRUDE
THROUGH PAD

4

A

30.0

60.0

42.0

3

11" APPROXIMATELY

REMOVE PAD-REBARS
AROUND MAIN PILES

LEVEL TOP PAD
AND
BROOM FINISH

9'

A
UNIT: INCHES

SIZE

10'

12'

CL

L-ANCHOR
BOLTS (4X)

2

SCALE: 1:64

WEIGHT:

MAIN PAD AND PILE

DWG. NO.

1

SHEET 1 OF 1

REV

AS EXPLAINED IN "MAIN PILE, SUPPORT PILE"
FORMED EDGE OF SQUARE IS PARALLE TO
CENTER LINE

CENTERLINE FOR ALIGNMENT OF
SUPPORT PILES AND EXPANDABLE ANCHORS
AS SHOWN IN "FOUNDATION LAYOUT"
PAY ATTENTION TO THE ALIGNMENT OF
L-ANCHOR BOLTS WITH RESPECT TO
THIS CENTERLINE

18.00

ANCHOR BOLT
CIRCLE

DETAIL A
SCALE 1 : 16

5.0

2.5

5

5.0

4

30.0

60.0

42.0

11" APPROXIMATE

3

DO NOT SCALE DRAWING

LEVEL PAD
AND
BROOM FINISH

A

SIZE

2

SCALE: 1:48

DWG. NO.

UNIT: INCHES

PAD
1

SHEET 1 OF 1

REV

NOTE:
1.
USE CONCRETE COMPRESSIVE STRENGTH OF 4KSI
2.
USE #4 REBAR
3.
SEE "MAIN PAD AND PILE" FOR COMPLETE ASSEMBLY
4.
PAD MUST BE LEVELED
5.
BROOM FINISH

12'

REMOVE REBARS
WHERE MAIN PILES
ARE PLACED

30.0
(2X)

PLACE REBARS
RIGHT ABOVE AND
BELOW WITH RESPECT TO
THIS CENTER LINE

APPLICATION

DETAIL A
SCALE 1 : 12

3.0" ALL AROUND
(3.0)
12.0

A

3.0" CLEARANCE
BETWEEN CONCRETE
WALL AND END OF
REBAR ALL AROUND

#4 REBAR
12" EQUAL SPACING
9X IN 9' DIRECTION
12X IN 12' DIRECTION

9'

30.0

LEVEL
AND
BROOM FINISH

ANCHOR BOLT (4X)
SEE NOTES

3.0" SPACING
BETWEEN CONCRETE
WALL AND REBAR/SPIRAL
ALL AROUND

18.00
BOLT CIRCLE

C
C

B

6.0

A

B

SECTION C-C
(TOP PART)
10'

#3 SPIRAL
4" SPACING
9.5'(114") HEIGHT
#9 REBARS (8X)
EQUAL SPACING
9.5' (114") HEIGHT

A
ANCHOR BOLTS (4X)
SEE NOTES

45°
22.50°
#9 REBARS (8X)
(EQUAL SPACING)

SECTION A-A

SECTION B-B
SCALE 1 : 24
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